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INVESTIGATION OF THE PIPE-SOIL INTERACTION AROUND 
CONTINUOUS AND JOINTED PIPES 
SUMMARY 
Modelling of joints in pipelines is a critical issue influencing both the short and long 
term performance of these systems. Defects at pipe joints can contribute significantly 
to reduction of the overall performance of the pipe system. The most common 
problems attributed to joint defects are infiltration, exfiltration, and erosion of the 
soil surrounding the pipe that can ultimately produce pipe failure. Joints are known 
to be the source of a number of pipe failures or installation problems due to the fact 
that in many cases they are the weakest points along a pipeline. Many design 
variables affect joint performance and it is difficult to predict the behavior of joints 
in service. The interaction between the pipe and the gasket is a complex phenomenon 
and represents a challenging modeling problem. Although joints can have a major 
influence on pipe performance, little research has been conducted in regard to their 
design. 
In the first part of this study, the three dimensional response of a rubber-gasketed 
bell-and-spigot jointed PVC (polyvinyl chloride) pressure pipe is examined to 
develop an understanding of the effect of gasket modulus, friction coefficient, 
insertion length and joint rotation on the pipe-joint behavior. Numerical analyses are 
performed using ABAQUS. The finite element analysis procedure is conducted in 
two steps, insertion and longitudinal bending phases. The results of the insertion 
phase revealed that, after a certain insertion length, when the tapered end of the 
spigot is passed and the outer surface of the cylinder comes in contact with the 
gasket, the force needed for the insertion of the spigot into the bell becomes constant 
for any insertion length until the insertion reference mark on the spigot is reached. 
For the longitudinal bending phase, as the insertion length increases, the moment per 
degree of rotation increases slightly, where the linear relationship between moment 
and rotation angle implies that moment per degree rotation is a useful means of 
quantifying the resistance to this motion. It is demonstrated that friction coefficient 
plays a key role in joint stiffness, influencing linear increases in both the maximum 
force needed to insert the spigot into the bell, and the moment needed per degree of 
joint rotation. The analyses also demonstrate that increases in gasket modulus lead to 
proportional increases in insertion force and bending moment. 
In addition to studying joints using finite element analysis, the jointed pipe 
specimens were tested in the laboratory to investigate the behavior of the pipe-joint 
assembly during insertion and bending. Two types of insertion tests were performed 
representing the joint behavior in conditions with and without gasket lubrication. The 
results of the insertion tests showed that lubrication decreases the amount of force 
needed for the insertion of the spigot into the bell end of the pipe. The peak forces 
needed for the insertion of the lubricated and non-lubricated specimens correspond to 
an insertion distance where the outer surface of the cylindrical part of the spigot 
xxii 
 
comes in contact with the gasket, and the gasket is fully compressed between the 
spigot and the bell. A similar trend was observed in the finite element analyses. The 
results of the laboratory tests confirm the general pattern of force versus 
displacement behavior calculated in the finite element analyses, though further work 
is needed to establish the exact constitutive characteristics of the gasket so that better 
direct comparisons can be made.  
In order to check the accuracy of the experimental work, testings were carried out on 
two different test machines (Zwick Z020, and Instron 8802 test machines). The 
comparison of the results of the Zwick and Instron tests showed that almost the same 
results were obtained by the Zwick and Instron tests for the non-lubricated samples. 
However, although the general shapes of the curves were the same for the lubricated 
samples, the magnitude of the forces needed for 6.0 cm insertion were seen to be 
very different. The difference in the magnitudes of the forces might be caused by 
uneven spreading of the lubricant or the pipe’s out of roundness, which are known to 
be very important parameters that may affect the insertion process for these pipes.  
The comparison of the results of the insertion tests for lubricated samples with the 
FEA results show that the best fit between the FEA and the experimental results was 
achieved for the lubricated sample tested in the Instron machine. The higher 
differences in the results of the other tests and the FEA are thought to be caused by 
some factors such as the pipe out of roundness, the change in the gasket stiffness 
along the spigot taper, and the experimental variability along spigot cylinder.  
The results of the bending tests showed that the joint behavior is highly variable. 
Therefore, it is difficult to determine if lubrication influences bending in jointed 
pipes. However, these experiments were undertaken 6 weeks after insertion and it is 
not clear how much of the lubricant remained. This behavior results because time 
after insertion in the field could also influence the effectiveness of the lubrication, so 
that short term bending response under construction loads, for example, could be 
different to those after extensive time periods.  
The structural performance of a pipe system depends significantly on the structural 
characteristics of both the pipe and the soil. A stable foundation with uniform 
bedding made of select, compact material that conforms to the external curvature of 
the pipe is important for both rigid and flexible pipes in providing uniform support 
along and around the pipe. The non-uniform bedding support may cause the pipe to 
experience longitudinal and circumferential cracks and joint opening. Joint openings 
can also lead to leakage which may generate erosion voids around or under the pipe, 
and consequently may cause pipe failure. Thus, the uniformity of support around and 
along a pipe influences pipe performance and service life. However, although careful 
attention may be paid during pipe installation, there is still a possibility that a 
pipeline may experience non-uniform loading or bedding conditions during its 
lifetime, which may lead to pipe failure. 
In this thesis, parametric studies using three-dimensional finite element analyses are 
also reported, where continuous and jointed PVC and CI (cast iron) water pipes 
buried under overburden soil are examined. The primary purpose of this study was to 
develop a better understanding of longitudinal bending as a result of voids under the 
invert of buried pipes, a condition used to characterize the effect of poor construction 
practice or loss of support during service (say as a result of erosion caused by water 
leakage). All numerical analyses were performed using ABAQUS.  
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The results of the finite element analyses for the continuous PVC pipe illustrate that 
pipes with discontinuous bedding experience stresses higher than those with uniform 
ground support (37% to 69% higher for medium dense sand, and 45% to 95% higher 
for dense sand bedding), and that it is better to achieve uniform soil support under 
the pipe invert than to achieve non-uniform support in high stiffness (highly 
compacted) bedding (results that support conventional wisdom where a layer of 
uncompacted bedding is used under the invert in preference to well compacted 
bedding that is not level). The analysis also indicates that it is more important to 
achieve that uniform support under the invert than dense soil backfill under the 
haunches. 
The results of the finite element analyses for the continuous CI pipe show that the 
radial (R), and the axial stresses (A) are low compared to the hoop stresses (), 
and the peak tension is always in the hoop direction. As a result of the high hoop 
stresses induced by the non-uniform bedding support, longitudinal fractures are 
likely to occur in the pipe. This might be a triggering or contributing factor in the 
failure of the pipe. However, it does not clearly explain many of the pipe fractures 
observed in the field since the orientation of the peak tensile stresses caused by an 
erosion void under the pipe invert is found to be in the hoop direction, while in the 
field the failure is mostly observed to be as a result of ring fractures caused by the 
axial stresses. On the other hand, the reason for failure of buried pipes could be that 
the leakage also magnifies ground movements as a result of frozen ground or reactive 
soils, in which the magnitude of the movement for both mechanisms is a 
consequence of moisture changes in the soil. Therefore, more studies of differential 
ground movement work is needed to clarify the failure mechanism of buried 
pipelines.  
The stresses and deformations are also studied in buried PVC and CI water pipes 
with bell-and-spigot joints, and with localized voids leaving the invert and haunches 
unsupported. Bedding non-uniformity was modeled using voids of different sizes, 
and at different locations (under the spigot, under the joint, and under the bell) 
beneath the pipe invert. The changes in the stresses and deformations were 
determined based on the geometry of the localized voids.  
The results for jointed pipes show that, as the void length under the pipe increases, 
the vertical displacements also increase. As expected, the lowest vertical 
displacements occur along the crown, and the largest vertical displacements occur 
along the pipe invert. Similarly, an increase in the void angle leads to an increase in 
the vertical displacements. Although the same trend was observed for all different 
void geometries, the vertical displacements for void straddling the joint were higher 
than the other two cases, as expected.  
The results of these analyses have also been compared to those for a continuous PVC 
water distribution pipe under the same burial conditions. Not surprisingly, the 
continuous pipe exhibited lower magitudes of vertical displacement where it spanned 
across a void. The effect of different void geometries and locations on the factors of 
safety of the continuous and jointed pipes was also evaluated. The results of these 
analyses indicate that when a void occurs under the pipe, the factor of safety drops 
significantly when void angle is small (the invert is unsupported but the haunches are 
still supported). However, as the void angle under the invert increases and support is 
removed from the haunches, more of the earth load is distributed through the soil 
around the pipe and less stress develops in the pipe. As a result, the factor of safety is 
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calculated to increase. The highest stresses (and deformations) occur when the void 
develops directly under the joint (a case corresponding to over-excavation during 
initial construction, or perhaps corresponding to void erosion due to joint leakage). 
Peak stresses in continuous pipe where it bridges across similar voids were also 
calculated to be similar.   
The results of jointed CI pipe revealed that under the same burial conditions, the 
presence of a void under the joint increases the stresses acting on the pipe somewhat 
by 0.4%, and 0.3%, compared to the cases with a void positioned under the spigot 
and the bell, respectively. This results because the pipe is straddling the void at the 
joint, and this means the pipe resists load in cantilever action. 
To investigate the effect of the direct contact of the bell and the spigot of the CI pipe 
on the deformations and stresses, two different spigot configurations are studied, one 
involving their direct contact with the bell, and the other slightly shorter to allow the 
spigot to rotate across the joint. The results of the two finite element analyses show 
that the shorter spigot length does not have a large effect on the maximum principal 
stresses (a 1.0% change from S Max= 12.38MPa for the spigot in contact with the 
bell to S Max=12.51MPa for the short spigot). This indicates that the transmission of 
moment between the pipe ends has little effect on stress, and implies that the gasket’s 
function is to prevent leakage (not to release moment). 
The comparison of the vertical displacements caused by different spigot 
configurations is also studied for a void length of 60cm, and a void angle of 180. 
The results show that the shorter spigot enables the rotation across the pipe joint, and 
leads to a higher displacement for conditions that are otherwise the same. Bell-spigot 
contact is used throughout the remainder of the study. However, experimental work 
is needed to characterize the flexural behavior of old cast iron joints, though the 
differences calculated in the local stresses may be modest.  
 
xxv 
 
SÜREKLİ VE CONTA BAĞLANTILI BORULAR ETRAFINDAKİ ZEMİN-
YAPI ETKİLEŞİMİNİN İNCELENMESİ 
ÖZET 
Boru bağlantılarının tasarımı, boru hattının performansı açısından oldukca kritik bir 
konudur. Boru bağlantı yerlerindeki herhangi bir hasar, boru hattının tamamının 
performansını olumsuz yönde etkileyebilecek problemlere yol açabilir. Bağlantı 
yerlerinde en sık karşılaşılan hasar türü, yeraltı suyunun boru içine sızması yada boru 
içindeki sıvının dışarı doğru sızması ve buna bağlı olarak da boru çevresindeki 
zeminde erozyon meydana gelmesidir. Çevre zeminde meydana gelen erozyonun 
boruda önemli stabilite problemlerine yol açabildiği bilinmektedir. Tasarım sırasında 
kullanılan pek çok parametre boru bağlantı yerlerinin performansını etkilediğinden 
kullanım sırasında bağlantı yerlerinin davranışını tahmin etmek oldukça güçtür. Boru 
ve conta arasındaki etkileşimin modellenmesi oldukça karmaşık bir problemdir ve bu 
nedenlede bu etkileşimin incelenmesi ilgi çekici bir araştırma konusudur. Ancak, her 
ne kadar boru bağlantı noktaları boru performansı üzerinde önemli bir etkiye sahip 
olsa da, bu konuda çok az sayıda çalışma yapılmıştır.  
Bu çalışmanın ilk kısmında conta elastisite modülü, conta-boru arasındaki sürtünme 
katsayısı, boruların iç içe sürülme boyu ve ek yerinde meydana gelen dönmenin 
conta bağlantılı bir PVC basınçlı su borusunun davranışına etkisi incelenmiştir. 
Nümerik analizler için ABAQUS sonlu elemanlar programı kullanılmıştır. Sonlu 
elemanlar analizi iki aşamada gerçekleştirilmiştir. İlk aşamada, contanın boruların içi 
içe itilmesi sırasındaki davranışı incelenmiş ve bu işlem için gerekli kuvvet 
belirlenmiştir. İkinci aşamada ise, borulardan birinin ucuna yanal yönde deformasyon 
uygulanarak borunun ek yerinde meydana gelen dönme ve boruda uzunlamasına 
doğrultuda meydana gelen eğilme incelenmiştir. Birinci aşama analiz sonuçlarına 
göre, boruların birbiri içine itilmesi sırasında borunun eğimli ucu (spigot) geçildikten 
ve borunun silindirik dış yüzeyi conta ile temas ettikten sonra, boru üzerindeki 
referans çizgisine ulaşılıncaya kadar gerekli itme kuvveti sabit bir değer almaktadır. 
Eğilme aşamasının analiz sonuçları ise, boruların birbiri içine sürülme boyu arttıkça, 
boruya uygulanan momentin hafifçe arttığını göstermiştir. Ayrıca, sürtünme 
katsayısının boru bağlantı noktası davranışında çok önemli bir parametre olduğu 
belirlenmiştir. Analizler ayrıca conta elastisite modülündeki bir artışın boruların 
birbiri içine itilmesi için gerekli kuvvette ve eğilme momentinde orantılı olarak artışa 
sebep olduğunu göstermiştir.  
Sonlu elemanlar analizi ile boru bağlantılarının incelenmesine ilave olarak boru 
parçaları üzerinde deneyler yapılmıştır. Boruların içi içe itilmesi aşamasını 
modellemek amacıyla kayganlaştırıcı madde sürülmüş ve sürülmemiş numuneler ele 
alınmıştır. Bu deney sonuçlarına göre, kayganlaştırıcı madde uygulamasının 
boruların içi içe itilmesi için gerekli kuvveti azalttığı belirlenmiştir. Bu işlem için 
gerekli olan maksimum kuvvet, borunun silindirik dış yüzeyinin conta ile temas 
ettiği ve contanın iki boru parçası arasında tamamen sıkıştırıldığı bir itme boyuna 
denk gelmektedir. Benzer bir davranış sonlu elemanlar analiz sonuçlarında da 
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gözlenmiştir. Deney sonuçları, sonlu eleman analiz sonuçlarında elde edilen kuvvet-
yer değiştirme grafiklerinin şeklini doğrulamaktadır. Ancak çok daha detaylı bir 
karşılaştırma yapabilmek açısından contanın malzeme özelilklerinin tam olarak 
belirlenmesi gerekmektedir.  
Deney sonuçlarının doğruluğunu belirlemek amacıyla, deneyler iki farlı deney aleti 
(Zwick Z020 ve Instron 8802) kullanılarak gerçekleştirilmiştir. Zwick ve Instron 
deney aletlerinde kayganlaştırıcı madde kullanılmadan yapılan deneylerin sonuçları 
hemen hemen birbiriyle aynı bulunmuştur. Ancak, her ne kadar kayganlaştırıcı 
madde uygulanarak yapılan deneylerden elde edilen eğrilerin şekli genel itibariyle 
aynı olsa da, uygulanan kuvvetlerin birbirinden farklı olduğu gözlenmiştir. 
Kuvetlerde gözlenen bu farklılığın nedeninin uygulanan kayganlaştırıcı maddenin 
düzgün olarak yayılamaması ve boru enkesitlerinin tam dairesel şekilde olmaması 
gibi deney sonuçlarını etkileyebilecek önemli parametreler nedeniyle gerçekleştiği 
düşünülmektedir.  
Boruların birbiri içine itilme aşamasını modelleyen sonlu elemanlar analizi 
sonuçlarına en yakın eğrinin Instron deneyinden elde edilen eğri olduğu 
belirlenmiştir. Diğer deneylerle sonlu elemanlar analizleri arasında gözlemlenen 
farklılığın boruların en kesitlerinin tam dairesel olmaması, conta rijitliğindeki 
değişim ve deneysel farklılıklar olduğu düşünülmektedir.  
Eğilme deneyi sonuçları, boruların bağlantı noktalarının davranışının oldukça 
değişken olduğunu göstermiştir. Bu nedenle kayganlaştırıcı madde uygulamasının 
boruların eğilme davranışını etkileyip etkilemediğinin belirlenmesi güçtür. Ayrıca, 
bu deneyler itme deneyleri gerçekleştirildikten 6 hafta sonra yapıldığı için borularda 
ne kadar yağlayıcı maddenin kaldığı kesin olarak bilinmemektedir. Bu sonuçlar, 
boruların zemin içinde yerleştirildikten sonra geçen zamanın kayganlaştırıcı 
maddenin etkinliğini etkileyebileceği, bu nedenle de kısa süreli eğilme davranışının 
uzun süreli davranıştan farklı olabileceğini göstermektedir.  
Bir boru sisteminin yapısal performansı büyük ölçüde boru ve zeminin özelliklerine 
bağlıdır. Borunun dış hatlarına uyum sağlayacak şekilde yerleştirilmiş ve  
sıkıştırılmış, uygun bir malzemeden yapılmış üniform bir yatak, boru etrafında ve 
boru hattı boyunca borunun düzgün bir desteğe sahip olması açısından hem rijit hem 
de esnek borular için oldukça büyük bir önem taşımaktadır. Düzgün olmayan bir 
yatak, borunun uzunlamasına doğrultusunda yada halka etrafında çatlaklara veya ek 
yerlerinde açılmalara sebep olabilir. Ek yerlerinde meydana gelen açılmalar sızıntıya 
sebep olarak boru etrafındaki zeminde erozyon boşluklarının oluşmasına ve boru 
hattının önemli hasarlar görmesine yol açabilir. Bu nedenle boru etrafında düzgün bir 
zemin desteğinin sağlanması hem boru performansını hem de servis ömrünü büyük 
ölçüde etkilemektedir.  
Bu tez kapsamında, zemine gömülü sürekli ve ekli dökme demir (CI) ve PVC su 
borularının davranışını incelemek amacıyla üç boyutlu sonlu elemanlar analizi ile 
parametrik bir çalışma yapılmıştır. Bu çalışmanın amacı, kötü bir boru yerleşim 
durumu yada kullanım ömrü boyunca meydana gelebilecek bir destek kaybı (örneğin 
sızıntı sonucu meydana gelen erozyon boşukları) sonucunda boru tabanı altında 
meydana gelen boşlukların boruya etkilerini araştırmaktır. Bu amaçla, boru yatağında 
çeşitli konumlarda meydana gelen bölgesel aşınmaları modelleyen boşluklar ele 
alınmış ve analizler ABAQUS sonlu elemanlar programı ile gerçekleştirilmiştir.  
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Sürekli PVC boru ile ilgili yapılan sonlu elemanlar analizi sonuçları, üniform 
olmayan zemin desteğine sahip boruların üniform zemin desteğine sahip borulara 
nazaran daha yüksek gerilmelere maruz kaldıklarını göstermiştir (orta sıkı kum yatak 
içindeki borularda %37-%69, sıkı kum yatak içindeki borularda %45-%95). Bu 
nedenle, elde edilen sonuçlar boru tabanında üniform destek elde etmenin, yüksek 
kompaksiyon derecesine sahip ancak üniform olmayan bir zemin desteğine sahip 
olmaktan daha önemli olduğu şeklindeki genel yargıyı desteklemektedir. 
Sürekli CI boru için gerçekleştirilen sonlu elemanlar analiz sonuçları, radyal (R) ve 
eksenel (A) gerilmelerin, halka gerilmelerinden () daha düşük olduğunu ve 
borularda gözlenenen maksimum çekme gerilmelerinin daima halka gerilmeleri 
yönünde olduğu göstermektedir. Üniform olmayan zemin desteği sonucunda 
meydana gelen yüksek halka gerilmeleri, borularda boyuna doğrultuda çatlakların 
oluşmasına neden olabilmektedir. Bu çatlaklar, borularda göçmeye sebep olabilecek 
hasarlara zemin hazırlayabilecek bir unsur olabilir. Ancak bu davranış, erozyon 
nedeniyle boru tabanında meydana gelen boşlukların neden olduğu maksimum 
çekme gerilmelerinin halka gerilmeleri olması nedeniyle arazide gözlemlenen boru 
çatlaklarından bir kısmını açıklayamamaktadır. Çünkü arazide gözlemlenen 
çatlakların büyük bir kısmı eksenel gerilmeler nedeniyle ortaya çıkan halka etrafında 
gözlemlenen çatlaklardır. Diğer taraftan, gömülü borularda meydana gelen göçmenin 
nedeni borularda meydana gelen sızıntının, donmuş zemin veya reaktif zemin gibi 
zemin şartları altında meydana gelebilecek zemin hareketlerinin etkisini artırması 
olabilir. Bununla beraber, gömülü boruların göçme şartlarını netleştirmek amacıyla 
farklı zemin hareketlerini inceleyen detaylı çalışmalar yapılmalıdır.  
Bu çalışmada, üniform olmayan zemin desteğine sahip conta bağlantılı PVC ve CI su 
borularında meydana gelen gerilme ve deformasyonlar da incelenmiştir. Üniform 
olmayan boru yatağı, boru altında farklı boyutlarda ve farklı bölgelerde oluşturulan 
boşuklarla modellenmiştir. Gerilme ve yer değiştirmelerde meydana gelen 
değişimler, boru altındaki boşukların geometrisine bağlı olarak değerlendirilmiştir.  
Bağlantılı borularda elde edilen sonuçlar, boru altındaki boşluk boyutu arttığında 
boruda meydana gelen düşey yöndeki deformasyonun da arttığını göstermiştir. En 
düşük yerdeğiştirme tahmin edildiği üzere borunun taç kısmında, en büyük 
yerdeğiştirme ise tabanında meydana gelmektedir. Benzer şekilde, boşuk açısında 
meydana gelen bir artış, düşey yöndeki yerdeğiştirmenin artmasına neden 
olmaktadır. Tüm diğer farklı boşluk geometrilerinde benzer bir davranış 
gözlenmesine rağmen, en büyük yerdeğiştirme tam boru ek yerinin altında bir boşluk 
olması durumunda ortaya çıkmaktadır.  
Bu analiz sonuçları ayrıca aynı koşullar altındaki sürekli PVC boru için elde edilen 
analiz sonuçlarıyla da karşılaştırılmıştır. Beklenildiği üzere, üniform olmayan zemin 
desteği altındaki sürekli boruda daha düşük yerdeğiştirme değerleri elde edilmiştir. 
Ayrica, farklı boşluk geometrilerinin ve konumlarının sürekli ve conta bağlantılı 
boruların güvenlik sayısına etkisi de incelenmiştir. Analiz sonuçları, boru altında bir 
boşluk oluştuğunda, boşluk boyutunun küçük olması durumunda güvenlik sayısının 
aniden düştüğünü göstermiştir (boru tabanı desteksiz kalırken diğer kısımlarında hala 
zemin desteği vardır). Ancak, boru tabanı altındaki boşluğun açısı arttıkça ve diğer 
kısımlardaki zemin desteği de ortadan kalktığında, toprak  yükünün büyük bir kısmı 
boru etrafındaki zemine aktarılmakta ve bu nedenle de boru üzerinde daha az gerilme 
meydana gelmektedir. Bu nedene güvenlik sayısı artmaktadır. En yüksek gerilme ve 
deformasyon değerleri boşluk tam boru bağlantı noktası altında oluştuğunda 
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meydana gelmektedir. Bu durum, boru yerleşimi sırasında gereğinden fazla yapılan 
bir kazıyı yada ek yerinde meydana gelen sızmayı modellemektedir.  
Conta bağlantılı CI boruların analiz sonuçları, boru bağlantı noktası altındaki bir 
boşluğun diğer konumlardaki  boşluklarla karşılaştırıldığında, boruya etkiyen 
gerilmeleri %0.3-%0.4 oranıda artırdığını göstermiştir.  
Boru bağlantısın oluşturan parçaların birbirleri ile doğrudan temas etmesi durumunun 
CI borunun davranışına etkisini belirlemek amacıyla biri boruların tam temasını, 
diğeri ise bağlantı yerinde dönmeyi sağlayacak şekilde boru parçalarından birinin bir 
miktar kısa olması durumunu göstermek üzere iki farklı boru konfigürasyonu 
incelenmiştir. Sonlu elemanlar analiz sonuçları boru boyunun teması önleyecek 
şekilde kısa olmasının maksimum gerilmeler üzerinde önemli bir etkisinin 
olmadığını (boruların temas halinde olması durumunda S Max=12.38MPa, temas 
olmaması durumunda ise S Max=12.51MPa olacak şekilde %1’lik bir fark) 
göstermiştir. Bu durum, boru bağlantı noktalarında boruların uçları arasındaki 
moment aktarımının gerilmeler üzerinde çok büyük bir etkisi olmadığını ve buradaki 
contanın görevinin sızıntıyı önlemek olduğunu göstermektedir.  
Bu çalışmada ayrıca, farklı boru konfigürasyonlarının farklı boşluk geometrilerinin 
neden olduğu düşey yöndeki yerdeğiştirmeler üzerindeki etkisi, 60cm uzunluğunda 
ve 180’lik bir açıyı kaplayacak şekilde tanımlanmış bir boşluk üzerinde 
incelenmiştir. Sonuçlar teması ortadan kaldıracak şekildeki kısa bir borunun bağlantı 
noktasında dönmeye imkan verdiğini, ve daha yüksek yerdeğiştirmelere yol açtığını 
göstermiştir. Analizlerin geri kalan kısmında boruların ek yerinde temas halinde 
olduğu durum modellenmiştir. Ancak, eski CI boruların eğilme davranışını tam 
olarak belirlemek için bu konuda deneysel çalışmaların yapılmasına gerek 
görülmektedir.  
 1
1.  INTRODUCTION 
Poor performance of pipe joints can contribute significantly to reduction of the overall 
performance of pipe systems. The most common problems attributed to joint defects are 
infiltration, exfiltration, and erosion of the soil surrounding the pipe that can ultimately 
produce pipe failure. Thus, modeling of joints in pipelines is a critical issue influencing 
both the short and long term performance of these systems. Although the joint may often 
be the weakest point along the pipe and joints can have a major influence on pipe 
performance, little research has been conducted in regard to their design. Even joint 
response to simple loading conditions is largely unknown due to the complexity of the 
interactions between the pipes and the gasket.  
In addition to the lack of sufficient information about pipe-joint behavior, another 
important issue influencing buried pipe behavior is the pipe design standards, which 
assume that loading and bedding conditions along pipes are uniform, and thus do not 
take into account the variability of soil properties in the longitudinal direction along 
buried pipes. However, several field observations showed that, although careful 
attention may be paid during pipe installation, there still is a possibility that a 
pipeline may experience non-uniform loading or bedding conditions during its 
lifetime, which may consequently lead to a large number of pipe failures. Thus, these 
conditions should be addressed in pipe standards to avoid further problems that may 
be detected after construction.  
1.1 Purpose of the Thesis 
The purpose of this thesis is to develop a better understanding of pipe-joint behavior, 
and to investigate the effect of non-uniform bedding support  (Figure 1.1) on the 
behavior of buried flexible and rigid pipes, using finite element analyses and 
preliminary laboratory experiments.  
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Figure 1.1 : Typical view of the non-uniform bedding support around and along a 
jointed pipe.  
1.2 Background 
This thesis examines the behavior of continuous and bell-and-spigot jointed flexible and 
rigid pipes under uniform and non-uniform bedding support. The specific objectives of 
this research were to: 
 develop a three dimensional analysis of a gasketed PVC pipe joint with explicit 
modeling of the bell, the spigot and the gasket, so that the effect of the 
deformations of these individual components and the interactions between them 
are quantified, 
 examine the effectiveness of these finite element models using laboratory 
experiments, to characterize the behavior of the gasketed joint before and after 
assembly, 
 develop a better understanding of the effect of non-uniform bedding support 
on the stability of buried continuous flexible and rigid water pipes, and 
longitudinal soil-pipe response, 
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 develop a better understanding of the effect of non-uniform bedding support 
on the stability of buried bell-and-spigot jointed flexible and rigid water 
pipes, and longitudinal soil-pipe response.  
1.3 Hypothesis 
A stable foundation with uniform bedding made of select, compact material that 
conforms to the external curvature of the pipe is important for both rigid and flexible 
pipes in providing uniform support along and around the pipe. However, it is known 
that the bedding of pipelines is rarely uniform, and perfect installation practice is of 
course impossible. The variability of soil properties in the longitudinal direction, 
construction conditions like the use of unstable foundation materials, uneven 
settlement due to angular distortion between individual lengths of the pipe, over-
excavation and non-uniform compaction of the bedding soil are examples of these 
factors which may lead to non-uniform bedding support, and unequal loading 
conditions. The non-uniform bedding support may cause the pipe to experience 
longitudinal and circumferential cracks and joint openings. This problem can also 
create the potential for groundwater infiltration or leakage at joints which may lead 
to erosion voids around or under the pipe, and consequently may cause pipe failure. 
Thus, the uniformity of support around and along a pipe can influence both pipe 
performance and service life.  
Current design standards for buried pipe installations assume that loading and 
bedding conditions along pipes are uniform, and thus do not take into account the 
effect of soil variability. However, although careful attention may be paid during 
pipe installation, there is still a posibility that a pipeline may experience non-uniform 
loading or bedding conditions during its lifetime, which may lead to pipe failure.  
Several studies have been performed by a number of different authors to determine 
the failure mechanism of cast iron pipes, most of which have been focused on the 
effects of corrosion [1-6]. Other studies evaluate pipe failures caused by earthquakes 
[7-8], and temperature effects [9]. However, the possibility that pipe leakage can 
induce erosion voids which enhance longitudinal bending or circumferential bending 
has not been studied.  
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The hypothesis of this thesis is that longitudinal and other three dimensional effects 
have a significant impact on pressure pipe performance. Non-uniform bedding 
support (e.g., as a result of faulty workmanship or deterioration of bedding under old 
buried pipes) is an important and common problem that may induce pipe failure. 
Furthermore, the joints and their effects have a substantial influence on the pipe 
performance. The non-uniform bedding support may cause the pipe to experience 
tensile failure and joint opening.  
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2.  PIPES AND PIPE JOINTING TECHNIQUES 
2.1 Objectives 
Pipes can be divided into two basic groups, known as rigid and flexible. The 
deformation of rigid pipes is neglected based on the consideration that they cannot 
deflect 2% of their diameter without failure. Due to this structural behavior of rigid 
pipes, their load carrying capacity is assumed to be independent of the support of the 
surrounding soil, which consequently leads to the assumption that the pipe must be 
capable of carrying external loads by itself. Concrete, cast iron (CI), clay and 
asbestos cement are examples of pipe materials which are considered to be rigid. 
Flexible pipes, on the other hand, are defined as the pipes that can deflect at least 2% 
of their diameter without any structural distress. As a result of their high deflection 
capability, their load carrying capacity highly depends on the support from the 
surrounding soil. The most common flexible pipes currently in use are High-Density 
Polyethylene (HDPE) and Polyvinyl Chloride (PVC) pipes [10-13]. 
Modeling of joints in pipelines is a critical issue influencing both the short and long 
term performance of these systems [14-15]. Joint performance can control the service 
life and the quality of pipe performance. The material properties of the gasket, 
loading conditions over the pipe, and sufficiently uniform bedding all play important 
roles in achieving a leak proof joint, and may also influence pipe behavior under 
longitudinal bending. Defects at pipe joints can contribute significantly to reduction 
of the overall performance of the pipe system. The most common problems attributed 
to joint defects are infiltration, exfiltration, and erosion of the soil surrounding the 
pipe that can ultimately produce pipe failure. Joints are known to be the source of a 
number of pipe failures or installation problems due to the fact that in many cases 
they are the weakest point along a pipeline. Many design variables affect joint 
performance and it is difficult to predict the behavior of joints in service. The 
interaction between the pipe and the gasket is a complex phenomenon and represents 
a challenging modeling problem. Although joints can have a major influence on pipe 
performance, little research has been conducted in regard to their design [16-24]. 
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In this thesis, the behavior of continuous and bell-and-spigot jointed PVC and CI 
water pipes are studied. In this chapter, a brief literature review of PVC and CI pipes 
and their jointing techniques is presented.  
2.2 PVC Pipes 
2.2.1  General properties of PVC 
Plastics are divided into two basic groups known as thermoplastics and thermosets, 
both of which are used to produce plastic pipes. Thermoplastics (e.g., polyvinyl 
chloride (PVC), polypropylene (PP), polybutylene (PB), and acrylonitrile-butadiene-
styrene (ABS)), can be re-melted upon the application of heat and, therefore can be 
extruded or molded into a variety of shapes, such as pipe flanges or valves. 
Thermosets (e.g., glass-fiber-reinforced polyester or (GFRP)) cannot be re-melted 
after they have been shaped and cured, but generally have higher stress capacity and 
stiffness [25-29]. 
PVC is a thermoplastic that has the following chemical formula: CH2=CHCl (Figure 
2.1). The basic raw materials for PVC resin are derived from natural gas or 
petroleum, salt water, and air. Other ingredients, which may be compounded with the 
PVC resin include anti-oxidants and other stabilizers (to slow down the rate at which 
the polymer will be degraded by oxygen, heat, visible light or UV radiation), 
compatibilizers (to enable PVC to be mixed with other plastics and helps plastic 
recycling), flame retardants (to reduce flammability of plastic), pigments (to color 
the plastic), plasticizers (to produce flexible and manageable plastic), impact 
modifiers (to absorb shock without damage), and fillers (inexpensive, inert materials 
that simply add bulk) [30-32].  
 
Figure 2.1 : Chemical Formula of PVC [30]. 
The basic properties of PVC compounds are outlined in ASTM D 1784, Standard 
Specification for Rigid Poly(Vinyl Chloride) (PVC) Compounds and Chlorinated 
Poly(Vinyl Chloride) (CPVC) Compounds [33]. In this specification, the physical 
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characteristics of PVC compounds are defined with a five-digit cell class designation 
system as given in Figure 2.2 and Table 2.1. 
 
Figure 2.2 : Five-digit cell class designation system establishing the 
minimum properties for the compound 12454 used in PVC 
pressure pipes [33]. 
2.2.2  Types of PVC pipes 
Over the past two decades there has been a considerable expansion in the use of 
thermoplastic pipe systems by public utilities and departments of transportation. Due 
to benefits associated with price, flexibility, ease of handling and jointing techniques, 
and durability, PVC is one of the predominant materials used for water and sewer 
pipes internationally [12, 25-28,34 ]. 
There are three types of PVC pipes known as PVC-U, PVC-M, and PVC-O. They are 
differentiated by either the way in which they are manufactured (which dictates the 
directional orientation of the molecules), or by the content of modifiers in their 
chemical formulation (which affect the ability of the pipe to withstand large impacts 
by absorption and dissipation of the energy).  
PVC-U: Un-plasticized PVC, commonly known as rigid PVC, is the most common 
type of PVC and is used where resistance to chemicals and abuse is required. It is 
rigid, versatile, and suitable for both above and below ground installations and use at 
temperatures from 0ºC to 60ºC at a wide range of operating pressures. Its molecular 
structure is a random arrangement of long chain molecules which do not exhibit any 
definite directional orientation. This characteristic of PVC-U leads to a generally 
uniform strength in both the radial (circumferential) and longitudinal directions [35-
37].  
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PVC-O: PVC-O stands for molecularly oriented PVC. In PVC-O, the molecules are 
re-aligned by bi-axial orientation process, forming a new molecular structure which 
is oriented in a generally radial or circumferential direction during the expansion 
process (Figure 2.3). The strength of this type of pipes is increased in the hoop 
direction. This enables the use of a thinner wall than a conventional PVC pipe of the 
same pressure capacity [35-38]. 
 
Figure 2.3 : The general principle of orientation [39]. 
PVC-M: Modified PVC has additives or impact modifiers that increase the 
toughness of the material and alter the fracture mechanism so the material behaves in 
a ductile manner. This material characteristic of PVC-M enables the use of thinner 
walled pipes [35, 38, 40].  
2.2.3 PVC pipe jointing techniques 
PVC pipes can be jointed by solvent-cement, heat-fusion, and gasketed bell-and 
spigot joints. The bell and spigot joint with natural or synthetic rubber gasket is the 
most common jointing technique used for PVC pressure pipes.  
Solvent cement joints: A solvent-cemented joint, also known as solvent-welded 
joint, involves a pipe or a tube end and fitting socket or pipe bell. The inside of the 
socket is slightly tapered, from a diameter slightly larger than the pipe external 
diameter at the entry, to a dimension at the base of the socket that is a few 
thousandths of an inch smaller than the pipe external diameter. Thus, the pipe-to-
socket match-up results in interference fit more-or-less midway in the socket [41-
43]. 
Solvent cement is applied to the outside of the pipe end and the inside of the socket. 
The pipe is then pushed into the socket until it bottoms. Some codes may also require 
a primer to be applied before the application of the solvent cement [41-43].  
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Solvents contained in primer and cement softens and dissolves the surfaces to be 
joined. Once the pipe and fitting are assembled, they are bonded together by means 
of chemical fusion. This weld strengthens over time as the solvents evaporate [41-
43].  
This kind of joint is typically used for plumbing applications. ASTM D2672, Joints 
for IPS PVC Pipe Using Solvent Cement, and ASTM D 2855, Practice for Making 
Solvent Cemented Joints with Poly (Vinyl Chloride) (PVC) Pipe and Fittings, are 
commonly used for solvent-welded joints [35]. 
Heat-fusion joints:  
The heat fusion process generally involves maneuvering pipe sections into position, 
clamping the pipe ends into a specialized welding machine and facing them with a 
machining tool. Then a heating element is inserted and the pipe ends are drawn 
against the heating plate. Upon reaching the correct temperature, the heating plate is 
removed and the ends forced together and held immobile until a prescribed bead size 
and shape is produced. Cooling times can usually vary from 5 minutes to 80 minutes 
depending on the pipe size and the wall thickness. With the heat fusion technique, 
watertight and strong joints can be produced [44]. 
Bell-and-spigot gasket joints: The bell and spigot joint with natural or synthetic 
rubber gasket is the most common jointing technique used for PVC pressure pipes. 
The pipe belling operation takes advantage of the ability of thermoplastics to be 
heated and re-shaped. One end of the pipe is heated and placed in a belling machine 
where its diameter is increased and the bell is formed along with a groove for a 
rubber gasket, if required. To ensure adequate wall thickness of the bell after 
enlargement of the diameter, the wall thickness is increased at the end of the pipe 
[11,16-17, 26, 29, 45-49]. 
The gasketed joint is designed so that when assembled, the elastomeric gasket is 
compressed radially between the pipe spigot and the bell to form a positive seal that 
prevents leakage. The joint is designed to avoid possible displacement of the gasket 
from the joint during assembly and when in service [50]. Assembly generally 
involves application of a lubricant, and then application of axial force to push the 
tapered spigot end of the adjoining pipe into the bell until the insertion reference 
mark indicated on the spigot is reached (Figure 2.4). The lubricant needs to be a 
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water soluble lubricating agent which will not support bacterial growth and will not 
adversely affect the potable qualities of the water to be transported. Further, the 
lubricant must not be detrimental to the gasket or the pipe [51]. 
 
Figure 2.4 : Joint assembly procedure [32]. 
This jointing technique is also used for other thermoplastic pipes (HDPE), metallic 
pipes (ductile iron and steel), and other materials (concrete, fiberglass, and clay) 
because of the ease of installation, long service life, resistance to chemical attacks, 
allowance for axial movement as pipe materials expand and contract according to 
temperature changes, and allowance for ground movements caused by seasonal 
changes and by seismic events, which can also cause axial movement at joints [52].  
The elastomeric gaskets are made per ASTM F477 [53], Elastomeric Seals (Gasket) 
for Jointing Plastic Pipe. Gravity pipe and fittings are made and tested to the 
requirements of ASTM D3212 [54], Joints for Drain and Sewer Plastic Pipes Using 
Flexible Elastomeric Seals. ASTM D3139 [55], Joints for Plastic Pressure Pipes 
Using Flexible Elastomeric Seals, is typically the standard to which PVC pressure 
pipe joints are made and tested. 
2.2.4 Gaskets used in PVC pipe joints 
The gasket used in pipe joints has to be made of a soft material with a low modulus 
of elasticity to ensure effective sealing of the assembly [56]. Generally homogenous, 
non-reinforced rubber or an elastomeric sealing ring with a simple geometry which is 
installed manually into the bell groove of the pipe either at the manufacturing facility 
or at the construction site is used as the gasket. However, the dislodgement of the 
gasket ring from the bell groove (fishmouthing) during insertion of the spigot into the 
bell, or due to the differences of the internal or external pressures on either sides of 
the sealing ring is known to be a common problem for this type of joints [29, 52].  
The current generation of pipe seals involves a locked-in gasket, commonly referred 
to as a Rieber joint. The Rieber gasket is reinforced with an adjoining external or 
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internal steel ring and is incorporated into the pipe during the belling process (Figure 
2.5). This permanent reinforced-seal provides structural support and pre-compression 
of the rubber gasket against the pipe. This tight anchoring of the gasket prevents the 
penetration of soil and other foreign particles into the sealing zones between the 
outer walls of the gasket and internal walls of the bell where the gasket is seated. 
After the spigot is inserted into the bell, the rubber gasket seated in the bell prevents 
leakage between the two adjoining pieces of pipe [16, 29, 32]. 
 
Figure 2.5 : (a) Steel Band Reinforced, (b) Steel Wire Reinforced 
                            Rieber Gaskets [52]. 
Insertion of the spigot beyond the insertion mark may cause the spigot to wedge 
itself into the neck of the bell, thus preventing hydrostatic pressure from reaching the 
gasket through the gap between the pipe bell and spigot, and preventing proper 
functioning of the gasket. Consequently, internal pressure fluctuations on the spigot 
would cause concentrated stresses on the bell that may eventually lead to cracking of 
the bell. Over-insertion also reduces the allowable joint deflection by approximately 
half [29]. 
2.3 Cast Iron Pipes 
2.3.1  General properties of cast iron 
Cast iron pipes have been used worldwide for water distribution systems since the 
mid 1800s. Until the early 1970s, these water distribution systems were mostly 
constructed using gray cast iron (CI) pipes. However, after the early 1970s, newer 
materials such as ductile iron, steel and polyvinyl chloride took cast iron’s place due 
to advantages such as the versatility and lower cost of these materials. While it is 
rarely used for new installations, most in-service water pipes are presently still of the 
cast iron type, representing about 50% of the total length of installed water mains in 
North America [1-2, 57-64]. 
Cast iron is an alloy of iron, carbon and other elements that is made by re-melting pig 
iron, scrap, and other additives. Steels and cast irons are both primarily iron with 
 13
carbon as the main alloying element. However, the metallurgy of cast iron is more 
complex than that of steel and most other metals. While the carbon content of steels 
is 1-2%, cast irons contain more than 2% carbon, and 1-3% silicon, which leads to 
significant differences between the strength and stiffness of steels and cast irons [65-
68].  
Cast irons include many metals having a wide variety of properties. They are 
classified as gray, white, mottled, malleable, ductile, and compacted graphite irons 
based on the appearance of their fracture surface, microstructure, or properties. The 
malleable, ductile and compacted graphite irons are classified based on their 
mechanical properties [66, 68-69]. If the fracture surfaces in the cast iron have a gray 
appearance, the material is called gray cast iron [66]. It is the most common of all 
cast irons, and has a high silicon content which promotes the formation of graphite 
during solidification. Because of its internal microstructure which consists of a 
distribution of graphite flakes, cast iron shows a more brittle behavior under tensile 
stresses than most other metals. The graphite flakes have little strength in tension, 
and thus when loaded in flexure (longitudinal bending along the pipe), failure 
generally occurs by fracturing. However, the graphite flakes transmit stresses under 
compression, and the overall response is governed by the response of the graphite-
iron system, which leads to a compressive strength that is two to five times its tensile 
strength (e.g., tensile strength: 47-297MPa, compressive strength: 519-1047MPa [1-
2, 70]).  
Despite the widespread use of cast iron in water distribution systems, as a result of 
aging and several other factors, it is reported to be the material that has the highest 
number of failures per kilometer per year [71]. As reported by Lary [72], 
approximately 700 water-main breaks are reported in North America every day. The 
most commonly encountered problem associated with the deterioration of cast iron 
water mains is generally considered to be corrosion. On the external surface, this is 
induced by the harsh soil environment, and on the inside it is of course associated 
with the water being transported. The other factors that lead to failure of cast iron 
pipes include their brittle nature, and a combination of factors that may include 
external loading, internal pressure, manufacturing flaws, and corrosion damage[1, 2-
5, 62, 73-74].  
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Based on numerous studies investigating the failure of cast iron pipes, the forms of 
damage encountered in these pipes are reported to be mainly in the form of breaks 
and leaks. Corrosion is purported to induce failures causing crack formations that 
occur circumferentially or longitudinally. The relationship between wall thinning 
from corrosion, and strength loss and longitudinal fracture under internal pressure is 
clear. However, the relationship between corrosion and wall thinning, and occurrence 
of ring fractures is more obscure. If frost or some other mechanism induces ground 
deformations and a specific radius of curvature associated with bending along the 
pipe (e.g. [75]), the extreme fiber stresses and strains are proportional to half the 
external pipe diameter, so should not theoretically be influenced by corrosion. Yet, 
there is clear evidence that corrosion is associated with increased occurrence of ring 
fractures (the dominant failure mechanism in many cast iron pipe systems). This 
includes the increases in fractures that occur with time which have generally been 
attributed to corrosion (though admittedly the mechanism has not been explained). 
More convincing evidence of the connection between corrosion and ring fractures, 
however, are studies involving the addition of cathodic protection which demonstrate 
a marked decrease in the frequency of ring fractures from one to three years later 
[76].   
Another important and common problem caused by a deteriorated water distribution 
system is the water lost through leaks. The hypothesis being explored in the current 
study, therefore, is that corrosion leads to leakage, and that leakage leads to erosion 
voids in the vicinity of the pipe. This fits with the delayed efficacy observed for 
cathodic protection, since recent perforations would initiate erosion of the 
surrounding soil, and eventually produce fracture, so cathodic protection could only 
prevent new leaks, and it would take some time to arrest the development of new 
ring fractures. Other factors such as the casting technology, manufacturing defects, 
specific local conditions, water pressure, and temperature changes may also cause 
damage that can lead to pipe failure.  
Several studies have been performed by a number of different authors to determine 
the failure mechanism of cast iron pipes, most of which have been focused on the 
effects of corrosion [1-6]. Other studies evaluate pipe failures caused by earthquakes 
[7-8], and temperature effects [9]. However, the possibility that pipe leakage can 
induce erosion voids which enhance longitudinal bending has not been studied.  
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2.3.2  Cast iron pipe jointing techniques 
Cast iron pipe is grouped into two categories as hub and spigot, and hubless. The hub 
(bell) and spigot joint uses pipe with two different end types. The hub end of the pipe 
has an enlarged diameter while the spigot end of the adjoining pipe has a flat or 
plain-end shape. The spigot is inserted into the bell to establish a joint. The joint is 
sealed with a rubber compression gasket or molten lead and oakum [59, 77]. 
As shown in Figure 2.6, the compression joint uses hub and spigot pipe with a one-
piece rubber gasket to create a leak-proof seal. When the spigot end of the pipe is 
pushed into the gasketed hub, the joint is sealed by displacement and compression of 
the rubber gasket. Unlike welded pipe, this type of joint can absorb vibration and can 
deflect up to 5 without leakage or failure [59, 77].  
 
Figure 2.6 : Compression joint [77]. 
The lead and oakum joint (Figure 2.7) is made with oakum fiber and molten lead to 
create a strong, flexible, leak-proof and root-proof joint. When molten lead is poured 
over the oakum in a cast iron pipe joint, it completely seals and locks the joint. When 
the lead has cooled sufficiently, it is caulked into the joint with a caulking tool to 
form a solid metal insert [59, 77]. 
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Figure 2.7 : Lead and oakum joint [77]. 
Hubless cast iron soil pipe and fittings are simply pipe and fittings manufactured 
without a hub (Figure 2.8). The method of joining these pipe utilizes a hubless 
coupling which slips over the plain ends of the pipe and is tightened to seal it [59, 
77]. 
 
Figure 2.8 : Hubless pipe coupling [77]. 
 
 
 
 
 
 
 17
 
3.  FINITE ELEMENT ANALYSIS OF A PVC PIPE JOINT ASSEMBLY 
DURING INSERTION AND BENDING PHASES 
3.1 Objectives 
Poor performance of pipe joints can contribute significantly to reduction of the 
overall performance of pipe systems. The most common problems attributed to joint 
defects are infiltration, exfiltration, and erosion of the soil surrounding the pipe that 
can ultimately produce pipe failure. Thus, modeling of joints in pipelines is a critical 
issue influencing both the short and long term performance of these systems. 
Although the joint may often be the weakest point along the pipe and joints can have 
a major influence on pipe performance, little research has been conducted in regard 
to their design. Even joint response to simple loading conditions is largely unknown 
due to the complexity of interactions between the pipes and the gasket. 
In this chapter, a three-dimensional finite element analysis of a rieber-type rubber-
gasketed PVC water pipe joint has been carried out to investigate the influence of 
gasket modulus, rubber-PVC friction, insertion length and joint rotation on the 
overall performance of the pipe-joint system. The numerical analyses are performed 
using ABAQUS version 6.7 [78]. 
3.2 Statement of Problem 
The gasketed PVC pipe-joint being analyzed is illustrated in Figure 3.1.a. The pipe 
of SDR 28 and nominal size 135 mm has average internal diameter 133 mm, average 
wall thickness 5 mm, average external diameter 143mm, average bell depth of 
100mm. Pipes were initially 4m long. The Rieber-type rubber gasket located at the 
inner side of the pipe bell, has an asymmetrical shape and is reinforced with a steel 
band placed at the core (Figure 3.1.b). 
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     Figure 3.1 : (a) The gasketed PVC pipe-joint assembly, (b) rieber gasket details. 
In the finite element analysis, both bell and spigot lengths were chosen to be 0.5m. 
Finite element analyses were performed in two steps: 
i. insertion of the spigot into the bell; 
ii. bending of the pipe across the assembled joint. 
Finite element analyses are presented as plots of: 
i. force versus displacement to characterize the insertion phase, 
ii. moment versus rotation angle to characterize the rotation phase. 
3.3 Numerical Modelling 
3.3.1 Mesh design 
Finite element analyses have been utilized for a detailed examination of the behavior 
of a rubber gasketed bell-and-spigot jointed PVC pipe during insertion and bending. 
The pipe was modeled using geometry measured from the sample. Finite element 
program ABAQUS 6.7 was used to perform the analyses. The problem was modeled 
as a linear elastic, isotropic solid material employing C3D20 type twenty noded 
(quadratic) brick elements. The symmetry of the geometry permitted the modeling of 
just half of the system as shown in Figure 3.2. A total of 6784 elements were 
employed throughout the mesh to model the bell, the spigot, and the gasket. The FE 
mesh was refined approaching the joint, where rapidly varying stresses and strains 
are expected. 
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              Figure 3.2 : A typical finite element mesh of pipe-joint assembly. 
The finite element analysis procedure is conducted in two steps (Figure 3.3). First, 
insertion of the spigot into the bell end of the pipe is performed to establish the 
behavior of the gasket during the insertion phase and to determine the desired force 
needed for this application (Point A in Figure 3.3b). This also ensures that the stress-
deformation conditions are correct prior to conducting analysis on the response of the 
assembled system. Second, a lateral displacement was applied to the far end of the 
spigot (Point A in Figure 3.3c) to force the spigot to rotate with respect to the bell, 
while the far end of the pipe section (Point B in Figure 3.3a) featuring the bell was 
held to prevent axial movement and rotation.  
3.3.2 Materials 
A linear elastic material model was used for the pipe-joint assembly model. Selection 
of linear elastic material modeling is based on past success with this approach in 
thermoplastic pipe analysis [79-82], and computational efficiencies needed for this 
complex three dimensional problem. The material properties used for the PVC pipe 
and the gasket are given in Table 3.1. While most analyses were performed using 
these parameters, some feature higher values of rubber modulus (to be discussed in 
detail in a later section). 
Material Modulus of Elasticity (E) 
(N/m2) 
Poisson’s Ratio(υ) 
(-) 
PVC 3x109 0.33 
Rubber 2x105 0.3 
Steel 200x109 0.3 
Table 3.1: Material properties.
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3.3.3 Interface behavior 
The contacts between the inner surface of the bell and the gasket, and between the 
outer surface of the spigot and the gasket were modeled using contact pairs. Contact 
was modeled by the interaction of contact surfaces defined by grouping specific 
element faces in the contacting regions. This contact formulation uses a master–slave 
concept to enforce the contact constraints. A coefficient of friction value (FC) of 0.3 
was used in the pipe-gasket surface-to-surface contact interaction. Other friction 
coefficients are also considered, to investigate the effect of friction coefficient on the 
pipe-joint behavior. These involved coefficients of 0.0 (a frictionless condition), 0.1, 
0.15 and 0.5. 
3.3.4 Boundary conditions 
Five classes of boundary conditions were considered when modelling the pipe-joint 
assembly. A typical view of boundary conditions used in the analyses is shown in 
Figure 3.3. 
• The plane of symmetry, passing through θ = 0 and π (i.e. the plane where z 
= 0) featured movements restrained against movement normal to that plane, 
Uz = 0. 
• During both the insertion and bending steps, the spigot was free to move in 
the y direction while the bell was restrained in the y direction by applying a 
Uy = 0 boundary condition. 
• One node at the bottom end of the bell was restrained against movement in 
the x direction (Point B in Figure 3.3a). 
• To simulate insertion, prescribed displacements in the y direction were 
applied to the upper end point at the center of the spigot (Point A in Figure 
3.3b) by using displacement values changing from Uy = 1.0 cm to Uy = 6.0 
cm (the later represents the insertion reference mark on the spigot). 
• To simulate the bending phase, prescribed displacements in the x direction 
were applied to the upper end point at the center of the spigot (Point A in 
Figure 3.3c) by using various displacement values increasing from Ux = 0.1 
mm to Ux = 0.45 mm (the later represents the size of the initial radial gap 
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between the outer surface of the spigot and the inner surface of the bell, so 
this displacement applied at the end of the pipe segment with the spigot will 
partly close that gap). 
 
Figure 3.3 : (a) Boundary conditions used in the FEM analyses, (b) After insertion 
(magnifiedx10), (c) After joint rotation (magnified by 10). 
3.4 Spigot Insertion Phase 
3.4.1  Effect of insertion length 
The insertion phase represents the first step of the finite element analyses. In this 
step, the spigot was inserted into the bell until it reached the insertion reference mark 
on the spigot. The prescribed displacements were applied to the upper end point at 
the center of the spigot. Before applying vertical prescribed displacements, the far 
end of the spigot was in contact with the gasket as shown in Figure 3.4a, without 
applying any force on the gasket. The prescribed displacements were increased from 
Uy = 1.0 cm to Uy = 6.0 cm, the later representing the insertion reference mark on 
the spigot. Figure 4.b shows the geometry after the spigot is inserted into the bell for 
6.0 cm. Figure 4.c shows the bell expansion of the PVC pipe wall in the x and z 
directions during gasket insertion. The friction coefficient and modulus of elasticity 
of the gasket (rubber part) used in these analyses were chosen to be 0.3 and 0.2 MPa 
respectively, as discussed earlier. 
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Figure 3.4 : (a) Initial condition of the pipe-joint assembly, (b) 6.0 cm insertion of 
the  spigot into the bell, (c) bell expansion of the PVC pipe wall in the 
x and z directions (0.003mm) during gasket insertion. 
The initial and the deformed shape of the rubber gasket after 6.0 cm insertion are 
shown in Figure 3.5a and Figure 3.5b, respectively. In Figure 3.5b, U2 represents the 
displacement in the y direction. 
 
Figure 3.5 : (a) Initial shape of the rieber-type gasket (b) deformed shape of the 
rieber- type gasket after 6.0 cm insertion of the spigot into the bell. 
The results of the finite element analyses are represented as force (Fy) versus 
displacement (Uy) plots to characterize the insertion phase as shown in Figure 3.6. 
From the force-displacement graph, it can be easily seen that after approximately 
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1.50 cm vertical displacement of the spigot, the applied force becomes constant at 
about 25.70 N. This behavior is a consequence of the tapered end of the spigot. After 
approximately 1.50 cm insertion, the outer surface of the spigot comes in contact 
with the gasket, and the gasket gets compressed between the spigot and the bell. 
Once this point is reached, the force needed for the insertion of the spigot into the 
bell becomes constant for any insertion length until the insertion reference mark on 
the spigot is reached. 
 
              Figure 3.6 : Force versus displacement for different insertion lengths. 
3.4.2 Effect of interface friction 
In order to examine the effect of friction, five different friction coefficients, FC=0.0 
(frictionless), 0.1, 0.15, 0.3 and 0.5 were studied. For the sake of clarity, only the 
results of the analyses for 3.0 cm insertion are shown in Figure 3.7. From the force 
versus displacement graph, Figure 3.7a, it can be easily seen that as the friction 
coefficient increases, the force needed to insert the spigot into the bell increases. 
Figure 3.7b shows a plot of the peak force versus the coefficient of friction. The 
maximum resistance mobilized during insertion has two components: the first 
component is independent of the friction between the rubber and the PVC (Fy = 
15.20N at FC = 0), while the second is directly proportional to the friction 
coefficient. This quantifies the effect of proper lubrication between the spigot and the 
gasket. 
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Figure 3.7 : Forces calculated for insertion of the spigot (a) Force versus 
displacement for different friction coefficients (FC), (b) Peak 
insertion force versus friction coefficient (FC). 
3.4.3 Effect of gasket parameters 
The gasket used in pipe joints has to be made of a soft material with a low modulus 
of elasticity to ensure effective sealing of the assembly. In order to determine the 
effect of gasket stiffness on the pipe-joint assembly, finite element analyses were 
conducted based on three different elastic moduli for the rubber: E=0.2 MPa, 1.0 
MPa and 10.0 MPa. The results of these analyses for 3.0 cm insertion and friction 
coefficient of 0.3 are given in Figure 3.8. Figure 3.8a presents force mobilized during 
insertion, revealing that while a consistent pattern of force mobilization occurs for 
this gasket geometry, the peak force is greatly influenced by rubber modulus. Figure 
(a) 
(b) 
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3.8b shows the peak force expressed relative to the gasket modulus in log scale. This 
reveals that peak insertion force is almost a linear function of the rubber modulus. 
 
 
 
Figure 3.8 : Effect of gasket modulus on insertion force (a) Force versus 
displacement for different gasket parameters, (b) Peak insertion force 
as a function of gasket modulus 
 
 
(a) 
(b) 
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3.5 Bending Phase 
3.5.1 Effect of insertion length 
The rotation phase represents the second step modeled in the finite element analyses. 
After the spigot is inserted into the bell, prescribed lateral displacement applied to 
the upper end point at the center of the spigot is used to simulate relative rotation of 
the two pipe axes by hinging across the gasketed joint (rotation about a line through 
the gasket and perpendicular to the pipe axes, hereafter referred to as ‘joint rotation’). 
The prescribed displacement values were increased from Ux = 0.1 mm to Ux = 0.45 
mm. Prescribed vertical displacement values ranging from Uy = 1.0 cm to Uy = 6.0 
cm were applied for each bending condition in order to determine the effect of 
insertion length on resistance to joint rotation (resistance quantified using bending 
moment). The friction coefficient and modulus of elasticity of the gasket in these 
analyses were chosen to be 0.3 and 0.2 MPa respectively. The deformed shape of the 
rubber gasket after the bending phase is shown in Figure 3.9, where U1 represents 
the displacement in the x direction. A typical moment (M) versus rotation angle (θ) 
graph of finite element FE analyses is shown in Figure 3.10. As can be seen from 
Figure 3.10, as insertion length increases, moment values increase slightly for a 
given angle of rotation. 
 
Figure 3.9: Deformed shape of the rieber-type gasket after 6.0 cm insertion of the 
spigot into the bell and 0.2 mm rotation. 
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Figure 3.10 : A typical moment versus displacement graph for different insertion 
lengths. 
3.5.2 Effect of interface friction 
The effect of friction coefficient on the longitudinal bending of the pipe joints for 3.0 
cm insertion and 0.45mm prescribed lateral displacement is given in Figure 3.11. 
From the figure, it can be seen that, if all other variables are held constant, increases 
in friction coefficient produce a significant increases in bending moment per degree 
of rotation as friction coefficient increases above zero, then slower increases until 
friction coefficient increases above 0.3. Further analysis is underway to better define 
the behavior at FC values between 0 and 0.1. 
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Figure 3.11 : Moment per degree of rotation as a function of friction coefficients 
for 3.0cm insertion, and 0.45mm lateral displacement. 
3.5.3 Effect of gasket modulus 
The effect of gasket modulus on the longitudinal bending across the joint (i.e. 
resistance against joint rotation) of the pipes for 3.0 cm insertion and 0.45mm lateral 
prescribed displacement is illustrated in Figure 3.12. An interface friction coefficient 
value of 0.3 was used for these analyses. From the figure, it can be easily seen that, 
as the modulus of elasticity of the gasket increases, the bending moment per degree 
of joint rotation increases almost proportionally. 
 
Figure 3.12 : Moment per degree of rotation as a function of gasket modulus for 
3.0cm insertion, and 0.45mm lateral displacement. 
. 
 29
3.6 Discussion and Conclusions 
The three dimensional response of a rubber-gasketed bell-and-spigot jointed PVC 
pressure pipe has been examined to develop an understanding of the effect of gasket 
modulus, friction coefficient, insertion length and joint rotation on the pipe-joint 
behavior. Numerical analyses were performed using ABAQUS. The finite element 
analysis procedure was conducted in two steps. The first step simulated the insertion 
of the spigot into the pipe bell to establish the behavior of the gasket during the 
insertion phase, and quantify the desired force needed for this operation. The second 
step simulated longitudinal bending across the pipe joint by applying a lateral 
displacement to the far end of the pipe segment containing the spigot, to force the 
axis of the pipe segment with the spigot to rotate with respect to the axis of the pipe 
segment containing the bell. The results of the insertion and bending phases were 
represented as plots of force or moment per degree of rotation versus displacement, 
respectively. 
The results of the insertion phase revealed that, after a certain insertion length, when 
the tapered end of the spigot is passed and the outer surface of the spigot comes in 
contact with the gasket, the force needed for the insertion of the spigot into the bell 
becomes constant for any insertion length until the insertion reference mark on the 
spigot is reached. For the longitudinal bending phase, as the insertion length 
increases, the moment per degree of rotation increases slightly, where the linear 
relationship between moment and rotation angle implies that moment per degree 
rotation is a useful means of quantifying the resistance to this motion. It was 
demonstrated that friction coefficient plays a key role in joint stiffness, influencing 
linear increases in both the maximum force needed to insert the spigot into the bell, 
and the moment needed per degree of joint rotation. The analyses also demonstrate 
that increases in gasket modulus lead to proportional increases in insertion force and 
bending moment. 
A three dimensional analysis of this gasketed joint has been developed, with explicit 
modeling of the bell, the spigot and the gasket, so that the effect of the deformations 
of these individual components and the interactions between them are quantified.  
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4. EXPERIMENTAL EVALUATION OF THE COMPUTER MODELS 
4.1 Introduction 
In addition to studying joints using finite element analysis, the jointed pipe 
specimens were also tested in the laboratory in order to investigate the behavior of 
the pipe-joint assembly during insertion and bending. Laboratory test results are 
presented as force (Fy) versus displacement (Uy) graphs. 
4.2 Insertion Tests 
Two types of insertion tests were performed representing the joint behavior in 
conditions with and without gasket lubrication. Four tests were performed, two on 
lubricated (L1, L2) and two on non-lubricated (NL1, NL2) specimens. Testing was 
carried out on a Zwick Z020 universal testing machine under compression mode 
using two flat, parallel plates. The compression rate was set to 10 mm/min., and the 
specimens were tested until the insertion reference mark on the spigot was reached. 
A computer connected to the compression machine recorded the results of each test, 
and for each test, load–deformation data was recorded using testXpert software 
supplied with the Zwick machine. Two typical views of the insertion tests 
representing the initial and the final positions of the tests are shown in Figure 4.1. 
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Figure 4.1 : Insertion test–Zwick Z020 testing machine (a) initial position, 
(b) final position. 
The results of the insertion tests are shown in Figure 4.2. As can be seen from the 
graphs, lubrication decreases the amount of force needed for the insertion of the 
spigot into the bell end of the pipe. The peak forces needed for the insertion of the 
lubricated and non-lubricated specimens correspond to an insertion distance where 
the outer surface of the cylindrical part of the spigot comes in contact with the 
gasket, and the gasket is fully compressed between the spigot and the bell. A similar 
trend was observed in the finite element analyses. The results of the laboratory tests 
confirm the general pattern of force versus displacement behavior calculated in the 
finite element analyses, though further work is needed to establish the exact 
constitutive characteristics of the gasket so that better direct comparisons can be 
made.  
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Figure 4.2 : Force vs. displacement graphs for the insertion tests. 
4.3 Comparison of the Zwick and Instron Tests   
In order to check the accuracy of the experimental work, two pipe samples (one 
lubricated, and one non-lubricated sample) were also tested on an Instron 8802 
testing machine under compression mode. The compression rate was set to 10 
mm/min., and the specimens were tested until the insertion reference mark on the 
spigot was reached. A computer connected to the instron machine recorded the 
results of each test, and for each test, load–deformation data was recorded. Two 
typical views of the insertion tests representing the initial and the final steps of the 
tests are shown in Figure 4.3.  
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Figure 4.3 : Insertion test–Instron 8802 testing machine (a) initial 
position, (b) final position. 
Figures 4.4 and 4.5 show the comparison of the results of the Zwick and Instron tests 
conducted on non-lubricated and lubricated samples, respectively. As can be seen 
from Figure 4.4, almost the same results were obtained by the Zwick and Instron 
tests for the non-lubricated samples. However, although the general shapes of the 
curves were the same for the lubricated samples, the magnitude of the forces needed 
for 6.0 cm insertion were seen to be very different (Figure 4.5). The difference in the 
magnitudes of the forces might be caused by uneven spreading of the lubricant or the 
pipe’s out of roundness, which are known to be very important parameters that may 
affect the insertion process for these pipes.  
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Figure 4.4 : Non-lubricated specimens. 
 
Figure 4.5 : Lubricated specimens. 
4.4 Comparison of the FEA and the Laboratory Tests  
The results of the insertion tests for lubricated samples were also compared with the 
FEA results given in Chapter 3. As can be seen from Figure 4.5, the forces obtained 
using the Zwick machine are higher than the ones obtained by the Instron testing for 
certain insertion lengths, and so higher than the FEA results. The best fit between the 
FEA and the experimental results was achieved for the lubricated sample tested in 
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the Instron machine. Figure 4.6 shows the comparison of the finite element analysis 
and the Zwick and Instron testings for this case. In the FEA, a modulus of elasticity 
(E) of 1.0 MPa, and a poisson’s ratio () of 0.45 was used for the pipe, and a friction 
coefficient () of 0.30 was used between the pipe and the gasket. The maximum 
insertion forces obtained by the FEA and the Instron testing were 0.56 kN and 0.62 
kN, and the minimum insertion forces were 0.30 kN and 0.37 kN, respectively. 
Although the differences in the maximum and minimum insertion forces between the 
Zwick tests and the FEA are quite high, the differences between the Instron testing 
and the FEA are considered to be within acceptable limits.  
 
Figure 4.6 : Comparison of the force versus displacement graphs of the 
experimental work and FEA results 
The higher differences in the results of the other tests and the FEA are thought to be 
caused by some factors such as the pipe out of roundness, the change in the gasket 
stiffness along the spigot taper, and the experimental variability along spigot 
cylinder. In the finite element analyses, the spigot and the bell were modeled as 
perfect cylinders. Thus, when the spigot was inserted into the bell, because of the gap 
between these two parts of the pipe, the forces needed for certain insertion lengths 
were not affected by the friction between the spigot and the bell. However, the pipes 
used in the experiments might not have perfect cylindrical shapes, which might cause 
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some extra friction between the pipes and result in a significant increase in the 
insertion forces. Also, in the finite element analyses, the spigot is modeled to be in 
contact with the gasket uniformly around the circumference of the pipe. However, 
during the tests it is almost impossible to be 100% sure if the spigot is in contact with 
the gasket uniformly around the circumference. Since the pipes are not transparent, it 
is impossible to check the alignment of the pipes before testing. Furthermore, the 
application of the lubricant is also known to have an important effect on the insertion 
forces. Although careful attention was paid during the lubrication of the spigot and 
the gasket, there might be some spots that might not have enough lubrication which 
consequently increases the forces needed for the insertion.  
4.5 Bending Tests 
Three pipe specimens were also tested for bending conditions in order to investigate 
the behavior of the pipe-joint assembly during bending. Testing was carried out on 
an Instron 8802 testing machine under four point bending (Figure 4.7).   
 
Figure 4.7 : (a) Bending test setup, (b) deflected pipe. 
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The results of the bending tests are given as load versus displacement graphs in 
Figure 4.8 (the displacements shown are the stroke of the test machine). As can be 
seen from the graphs, the joint behavior is highly variable (NL1 versus NL2 in 
Figure 4.8, and L1 versus L2 in Figure 4.6). Therefore, it is difficult to determine if 
lubrication influences bending in jointed pipes. However, these experiments were 
undertaken 6 weeks after insertion and it is not clear how much of the lubricant 
remained. This behavior results because time after insertion in the field could also 
influence the effectiveness of the lubrication, so that short term bending response 
under construction loads, for example, could be different to those after extensive 
time periods.  
 
Figure 4.8 : Force versus displacement graphs of the bending tests. 
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5. STUDY OF NON-UNIFORM BEDDING SUPPORT UNDER 
CONTINUOUS PVC WATER DISTRIBUTION PIPES 
5. 1 Introduction 
The structural performance of a pipe system depends significantly on the structural 
characteristics of both the pipe and the soil. The pipe and the surrounding soil act 
together, and the pipe performance depends on the stiffness of the soil and the pipe, 
relative to each other [83-84]. Another important factor that affects the long term 
behavior of buried pipes is the installation practice. According to ASTM 
Designation: D2321–05 [85], “the magnitude of construction deflections depends on 
such factors as the method and extent of compaction of the embedment materials, 
type of embedment, water conditions in the trench, pipe stiffness, pipe out-of-
roundness, uniformity of embedment support, and installation workmanship in 
general”.  
A stable foundation with uniform bedding made of select, compact material that 
conforms to the external curvature of the pipe is important for both rigid and flexible 
pipes in providing uniform support along and around the pipe. However, it is known 
that the bedding of pipelines is rarely uniform, and perfect installation practice is of 
course impossible. The variability of soil properties in the longitudinal direction, 
construction conditions like the use of unstable foundation materials, uneven 
settlement due to angular distortion between individual lengths of the pipe, over-
excavation and non-uniform compaction of the bedding soil are examples of these 
factors which may lead to non-uniform bedding support, and unequal loading 
conditions. The non-uniform bedding support may cause the pipe to experience 
longitudinal and circumferential cracks and joint opening. Joint openings can also 
lead to leakage which may generate erosion voids around or under the pipe, and 
consequently may cause pipe failure. Thus, the uniformity of support around and 
along a pipe influences pipe performance and service life [11, 86-90]. 
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Due to the ability of flexible pipes to tolerate deflection, they can overcome non-
uniformities in bedding to some extent without serious consequences (those that 
affect the overall performance of the pipe system). Certainly, rigid pipes are less 
ductile or able to deflect without structural distress than flexible pipes, so may be 
more susceptible to non-uniformities in the bedding [83, 91-93]. However, current 
design standards for buried pipe installations assume that loading and bedding 
conditions along the pipes are uniform, and do not account for the variability of the 
soil properties and construction conditions along buried pipes. As a result, only the 
loads around the circumference are examined. On the other hand, several field 
observations showed that the bedding or loading conditions may not be uniform 
along a pipeline, and longitudinal effects may be responsible for a considerable 
number of pipe failures  [83, 87, 91-95].  
In general, if soil support and external loads are uniform along a pipe, the buried pipe 
experiences no longitudinal bending. Under these circumstances, the pipe only needs 
to resist the internal fluid pressure and the two-dimensional earth loads, i.e. the 
vertical and the horizontal earth pressures acting normal to the pipe axis. However, 
although careful attention may be paid during pipe installation, there is a possibility 
that the pipeline experiences non-uniform loading or bedding conditions during its 
lifetime, which may lead to pipe failure. Thus, the design of buried pipes should 
consider the effect of three-dimensional surface loads [95-97], and it may also be 
important to address the fact that soil support conditions will never be uniform 
adjacent to or along the pipe structure [87, 94, 98-100]. 
In this chapter, a parametric study employing three-dimensional finite element 
analyses is reported, where continuous PVC water pipe buried under overburden soil 
is examined. The objective is to understand the effect of non-uniform bedding 
support on the stability of buried PVC pressure pipes, and the longitudinal soil-pipe 
interaction. Specifically, a void under the pipe is examined, an idealized geometrical 
imperfection in the pipe bedding used to represent the consequences of poor 
construction, or localized bedding deterioration during the service life of the pipe, 
say as a result of erosion caused by water leakage. The numerical analyses are 
performed using ABAQUS version 6.7.  
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5.2 Statement of the Problem 
In this study, a PVC water pipe is studied for both uniform and non-uniform bedding 
conditions. In the analyses, half the soil and pipe length is modeled because of the 
symmetry of the system. The half pipe is assumed to be continuous with a length of 
2.0m. This length is sufficient enough to isolate the local bending effects from the 
two ends of the pipe and minimize boundary effects.  The external diameter (OD) 
and the wall thickness (t) of the pipe are OD=150mm, t=5mm (dimensions typical of 
PVC water mains servicing residential and commercial areas), respectively. The 
problem being analyzed is illustrated in Figure 5.1. 
The pipe is placed on the top of a soil layer of depth 1.0m, with a bedding depth of 
0.225m, and then covered with overburden soil to a depth of 2.5m. The analysis 
represent a construction void though the effect of a void that develop during service 
is expected to be similar. In order to investigate the effect of non-uniform bedding 
support around and along the pipe, voids of different sizes, (i.e., void depths (VD) of 
0.05m, and 0.1m, half void lengths (VL/2) changing between 0.1m and 1.0m, and 
void angles (VA), 60, 120 and 180 under the pipe invert) are defined as shown in 
Figure 5.2. Finite element analyses were performed in eight steps: 
 Step 1: The in-situ geostatic stresses were modeled in the first step. The 
coefficient for lateral earth pressure was taken to be K0=1−Sin (for angle of 
internal friction of the soil ). After equilibrium of in-situ stresses was reached, 
the analysis proceeds to the next step. 
 Step 2: First layer of overburden soil is activated, corresponding to a fill 
height of 0.24m, and the pipe is “placed” (pipe elements are activated).  
 Step 3: Second layer of overburden soil is activated, corresponding to a fill 
height of 0.24m.  
 Step 4: Third layer of overburden soil is activated, corresponding to a fill 
height of 0.25m.  
 Step 5: Fourth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 6: Fifth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
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 Step 7: Application of a uniform pressure on the top of the soil surface, 
representing the weight of a further layer of 1.5m of overburden soil. 
 Step 8: Application of internal water pressure of 400kPa. 
 
Figure 5.1 : Construction sequence of the model.  
 
Figure 5.2 : Typical views of the non-uniform bedding support around and along 
the PVC pipe. 
5.3 Numerical Modeling 
5.3.1 Mesh design 
Finite element analyses have been utilized for a detailed examination of the effect of 
non-uniform bedding support around and along the continuous PVC water pipe. 
Finite element program ABAQUS version 6.7 was used to perform the analyses [78]. 
Fully bonded interaction between the pipe and the soil was considered. Based on this 
consideration, it is assumed that slip cannot occur unless the shear force at any node 
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exceeds the maximum permissible value given by the normal force, and . Because 
an elasto-plastic model is being used for the soil, the condition for bonded interaction 
is given by Eq. (5.1):           
tanf nc                 (5.1) 
where n is the normal stress across the interface,  the friction angle, c the cohesion, 
and  the shear strength of the soil. 
The soil and PVC materials were modeled as isotropic solids, employing C3D20 type 
twenty noded (quadratic) brick elements. The symmetry of the geometry permits the 
modeling of just half of the system as shown in Figure 5.3. A total of 3720 elements 
were employed throughout the mesh to model the pipe, and the soil layers. A finer 
FE mesh was used around the void, where rapidly varying stresses and strains were 
expected.  
 
  Figure 5.3 : A typical finite element mesh used to model the pipe-soil assembly. 
5.3.2 Materials 
Two different material models were used for the simulation of the soil layers. As a 
first approach, the soil was assumed to be an ideal linear elastic (LE) isotropic 
material with a constant Young’s modulus (E) and Poisson’s ratio (). Secondly, in 
order to simulate the effect of shear failure of soils, elasto-plastic behavior was 
adopted for the soil material using the Mohr–Coulomb (MC) model, which is often 
used for representing the behavior of geo-materials. For the elasto-plastic soil model, 
 44
two different soil types, medium-dense and dense sand were studied. For the linear 
elastic model, only medium density sand was considered (results will be presented in 
one comparison to those obtained using elasto-plastic properties). In the analyses, 
typical mean (or expected) values of the soil modulus were chosen for the sand 
layers consistent with McGrath et al. [83, 101]. A typical view of the soil layers used 
in the study is given in Figure 5.4. 
 
Figure 5.4 : A typical view of the soil layers used in the study (example featuring 
medium-dense backfill and overburden soil). 
A linear elastic material model was used for the PVC pipe. Selection of the linear 
elastic material modeling is based on the past success with this approach in 
thermoplastic pipe analysis [79-82, 102], and the computational efficiencies needed 
for this complex three dimensional problem. The material properties used for the 
PVC pipe and the soil layers are given in Table 5.1.  
Table 5.1: Material parameters. 
Model Material Elasticity  
Modulus  
(E) 
(kPa) 
Poisson’s 
Ratio 
(υ) 
(-) 
Unit 
Weight 
() 
(kN/m3)
Cohesion 
(c) 
 
(kPa) 
Friction 
Angle  
() 
() 
Dilation 
Angle 
() 
() 
Medium-
Dense Sand 40x10
3 0.30 20.0 1.0 35 20 MC 
Dense Sand 80x103 0.30 21.0 1.0 40 25 
Medium-
Dense Sand 40x10
3 0.30 20.0 - - - 
Dense Sand 80x103 0.30 21.0 - - - 
 PVC Pipe  3x106 0.38 13.8 - - - 
LE 
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5.3.3 Boundary conditions 
Three classes of displacement (kinematic) boundary conditions were considered 
when modeling the pipe-soil assembly. A typical view of the boundary conditions 
used in the analyses is shown in Figure 5.5. 
 Longitudinal axis of the soil is restrained against movement in the x direction 
(i.e. the planes where x = 0 and x = 2.0m) by applying Ux = 0 boundary 
conditions. 
 The plane of symmetry (i.e. the plane where y = 0) featured movements 
prevented normal to that plane by applying a Uy = 0 boundary condition. 
 The bottom of the soil layer is restrained against movement in the x, y and z 
directions (Ux =Uy=Uz=0 boundary conditions). 
The static boundary conditions (internal pressure in the pipe and overburden 
pressure) were discussed in an earlier section. The boundary conditions given in 
Figure 5 refer to both fixities and loads used in the analyses.  
 
           Figure 5.5 : Boundary conditions used in the finite element analyses. 
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5.4 Results 
5.4.1Treatment of internal pressure 
First, the results of this parametric study are presented as Factor of Safety (FS) versus 
half void length/pipe diameter ((VL/2)/OD) graphs. The FS is calculated by using 
Eq. (5.2) given below, 
Tensile Strength of PVCFS
S Max
            (5.2) 
where, SMax is the maximum principal tensile stress obtained using the finite 
element analyses. In the analyses, a tensile strength of 48.3MPa is used for the PVC 
pipe based on the data reported in ASTM D1784-06a for a Class 12454 rigid PVC 
compound [33]. 
5.4.2 Effect of mesh density 
Pipe with uniform bedding support 
The results of the finite element analyses simulating a buried continuous PVC pipe 
with uniform bedding support are compared with the analytical solutions reported by 
Moore [103]. The solution procedures used for the calculation of the maximum and 
the minimum compressive wall stresses are given in Eq.s (5.3), and (5.4). 
sp csp
c
p p
M yN
A I
              (5.3) 
cr tcr
t
p p
M yN
A I
              (5.4) 
In these equations, c is the maximum compressive circumferential wall stress, Nsp is 
the thrust at the springline, Ap is the cross-sectional area per unit length, Msp is the 
bending moment at the springline, yc is the distance from the neutral axis of the pipe 
section to the extreme fibers in compression, and Ip is the second moment of area per 
unit length of the pipe. Similarly, t is the maximum tensile circumferential wall 
stress, Ncr is the thrust at the crown, Mcr is the bending moment at the crown, and yt is 
the distance from the neutral axis of the pipe section to the extreme fibers in tension. 
 47
The results of the finite element analyses are given as FS versus (VL/2)/OD graphs. 
In the calculation of FS, the maximum principal stress acting on the pipe corresponds 
to the most critical case. Thus, the results are evaluated in terms of the maximum 
principal stresses. For the case without internal water pressure, according to the 
analytical solution, the maximum compressive stress (-1.25MPa) was at the 
springline, whereas the minimum compressive stress (-0.010MPa) was at the invert 
of the pipe. However, when the internal pressure is applied to the pipe, the maximum 
stress is caused by tension. The minimum compressive stress obtained by the 
analytical solution is used for the calculation of the maximum tensile stress for the 
pipe with internal water pressure. The solution procedures are given in Eq.s (5.5), 
and (5.6), where is the hoop stress, and cr,in is the maximum tensile stress acting 
on the inside surface of the crown of the pipe. In the finite element analyses, an 
internal water pressure (P) of 400kPa is used based on typical operational water 
pressure data previously reported by Allouche et. al., [104].  
. 0.4 0.07 5.6
0.005
P R MPa
t
              (5.5)  
400 0, ,( ) ( ) 5.6 0.01 5.59P Pcr in cr in MPa                 (5.6) 
The comparison of the analytical and the finite element analysis (FEA) results for a 
pipe buried in medium-dense sand with a uniform bedding support is presented in 
Table 5.2. In the table, negative (-) sign corresponds to compression, and positive (+) 
sign corresponds to tension. In order to determine the effect of mesh density on the 
FEA results, a series of different meshes were developed for the buried PVC pipe. In 
the table below, the FEA results (A) correspond to a typical mesh used in the 
analyses (6 elements along the half void length, and 12 elements around the 
circumference of the half pipe), (B) a refined mesh along the axis and around the 
circumference of the pipe (24 elements along the half void length, and 24 elements 
around the circumference of the half pipe), and (C) a refined mesh along the axis, 
around the circumference and radially through the wall of the pipe (24 elements 
along the half void length, 24 elements around the circumference of the half pipe, 
and 2 elements through the thickness of the pipe), respectively. 
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Table 5.2: Comparison of analytical and FEA results. 
  Analytical FEA 
   A B C 
sp in (MPa) -1.25 -1.35 -1.32 -1.32 P=0
Difference (%)  8.00 5.60 5.60 
sp in (MPa) 5.59 5.40 5.36 5.34 P=400 
(kPa) Difference (%)  3.40 4.11 4.47 
As can be seen from Table 5.2, the differences between the analytical solutions and 
the FEA results range from 8.0% to 5.60%, for the buried pipe without internal 
pressure, and 3.40% to 4.47% for the buried pipe with an internal water pressure of 
400kPa. The differences in the results are considered to be within acceptable limits. 
Pipe with non-uniform bedding support 
In order to illustrate further the effect of mesh density on the FEA results, a series of 
different meshes were developed for the buried PVC pipe with non-uniform bedding 
support. The results of the mesh density study are given in Figure 5.6. The voids in 
this figure correspond to a void angle of 60, and a half void length of 4 times the 
pipe diameter. 
 
Figure 5.6 : Comparison of the effect of mesh density (a) a typical mesh used in the 
analyses, (b) refined mesh along the axis and around the 
circumference of the pipe, (c) refined mesh along the axis, around the 
circumference and radially through the wall of the pipe (deflections 
are magnified by 100). 
The maximum difference between the results obtained from the meshes given in 
Figure 5.6.a-c was 2.75%. This shows that the different mesh densities do not seem 
to have a significant effect on the stress distribution around and along the pipe. To 
obtain the computational efficiencies needed for study of this complex three 
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dimensional problem, mesh (A) with lowest computational cost is used subsequently, 
since this maintains sufficient accuracy.  
5.4.3 Effect of void size along the axis, and around the circumference of the pipe 
To examine the effect of the void size along the axis of the pipe, ten different half 
void lengths ranging from 0.1m to 1.0m were studied. For the sake of clarity, only 
the FS versus (VL/2)/OD graphs of the pipe buried in medium-dense sand (MD), 
modeled using the elasto-plastic soil model are shown in Figure 5.7. The voids in this 
graph correspond to void angles of 60, 120 and 180 around the circumference of 
the pipe.  
 
Figure 5.7 : Effect of void length and angle. 
From this figure it can be easily seen that initially voids with larger angle lead to 
higher stress and lower FS. However, once the half void length exceeds two pipe 
diameters, higher FS values are actually obtained for larger void angles around the 
circumference. This results because a pipe without any support under its invert 
experiences positive arching, where the loss of vertical stiffness under the invert 
means that earth loads pass through the soil around the pipe. Once the half void 
length reaches approximately 4 times the pipe diameter, FS becomes almost constant 
for each subsequent case, so the additional loads carried by the pipe where it bridges 
across the void remain constant.  
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5.4.4 Effect of void depth 
In order to examine the effect of the void depth under the pipe, two different void 
depths (VD), 0.05m and 0.1m, and ten different half void lengths (ranging from 0.1m 
to 1.0m) were studied. For the sake of clarity, only the FS versus (VL/2)/OD graphs 
of the pipe buried in a medium-dense sand layer modeled using the elasto-plastic soil 
model are shown in Figure 5.8. The voids in this graph correspond to a void angle of 
180 around the circumference of the pipe.  
 
Figure 5.8 : Effect of void depth. 
This figure indicates that for half void lengths longer than 3 diameters, deeper voids 
under the pipe decrease the peak tensions in the pipe (producing higher factor of 
safety). It appears that for these longer voids, the extent to which the pipe acts to 
bridge the void is dependent on the depth of the void. Similar to what was seen on 
Figure 5.7, once the half void length reaches 4.5 times the pipe diameter, the factor 
of safety becomes almost constant for each subsequent case.  
5.4.5 Effect of soil stiffness 
In the analyses, pipe responses were examined within two different soil types 
corresponding to medium-dense (MD) and dense (D) sands. Figure 5.9 presents FS 
calculated for different values of (VL/2)/OD for the elasto-plastic soil model. 
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Figure 5.9 : Effect of soil stiffness on factor of safety (FS) for different ratios of 
half of the erosion void length (VL/2) versus pipe diameter (OD); 
MD=medium-dense sand; D=dense sand; results for angles 60, 120 
and 180 degrees are shown. 
First, this figure indicates that when the bedding support around the PVC pipe is 
uniform ((VL/2)/OD = 0), a higher factor of safety is achieved for the pipe buried in 
dense sand compared to medium-dense sand bedding (this is the conventional 
understanding that as the soil around the pipe becomes stiffer, the pipe enjoys the 
benefits of more soil support and it carries less of the earth load). However, for the 
non-uniform bedding case, the factor of safety is almost the same (mostly slightly 
less) for the dense sand. The higher unit weight of the dense sand leads to a higher 
soil load to be carried by the pipe where it bridges across the void, and this leads to 
slightly lower factor of safety. The figure also clearly indicates how pipes with 
discontinuous bedding experience higher circumferential stresses than those with 
uniform ground support, leading to a 37% to 69% decrease in FS for medium dense 
sand, and a 45% to 95% decrease in FS for dense sand bedding. This implies that it is 
preferable to select soil density to achieve uniform support without any void under 
the pipe invert, rather than to achieve the maximum density and stiffness. These 
results support conventional wisdom, where it is well know that the use of a layer of 
uncompacted bedding under the invert is preferable to a well compacted bedding that 
is not level (one that will produce high amounts of bedding stiffness at some 
locations under the pipe, but none under others). 
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Figure 5.9 also indicates that the provision of uniform support under the invert is also 
more important than efforts to place dense backfill under the haunches. Indeed, it 
appears that placement of dense backfill under the haunches actually increases the 
level of circumferential stresses near sections that are lacking invert support (since if 
haunch soil is also absent it leads to stress redistribution through the soil and away 
from sections of the pipe with void under the invert). 
5.4.6 Effect of shear failure of soil 
In order to investigate the effect of shear failure in the soil, results for elasto-plastic 
(EP) and linear elastic (LE) soil models are compared in Figure 5.10. Results are 
given for medium-dense sand. 
 
Figure 5.10 : Effect of shear failure of soil. 
From this figure it can be easily seen that the factors of safety obtained using the 
linear elastic model are higher than the ones obtained using elasto-plastic modeling 
of the soil (for conditions that are otherwise the same). This results because elastic 
ground can distribute earth loads around the erosion void more readily than elasto-
plastic material [103]. It is for this reason that all results in this study (except the 
elastic calculations presented in Figure 5.10) are based on elasto-plastic soil 
modeling.  
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5.4.7 Pattern of bending stresses in the pipe over the void 
Figure 5.11 shows the stress distribution in the PVC water pipe for different void 
lengths and angles. From this figure, it can be readily seen that, if all the other 
variables are held constant, an increase in the void length leads to an increase in the 
stresses acting on the pipe. However, for the same void length, the stresses acting on 
the buried pipe decreases as void angle increases (load passes around the pipe 
through the soil as a consequence of the loss of soil stiffness under the pipe invert).  
 
 
 
Figure 5.11 : Comparison of maximum principal stresses along the pipe over the 
void for different void lengths and angles (a) void angle=60, half  
void length=2-6 OD, (b) void angle=120, half void length=2-6 OD, 
(c) void angle=180, half void length=2-6 OD (magnified x 100). 
 54
 
Figure 5.11 (Continued): Comparison of maximum principal stresses along         
the pipe over the void for different void lengths and angles (a) void 
angle=60, half void length=2-6 OD, (b) void angle=120, half void 
length=2-6 OD, (c) void angle=180, half void length=2-6 OD 
(magnified x 100). 
5.5 Discussion and Conclusions 
The primary purpose of this study was to develop a better understanding of 
longitudinal bending as a result of voids under the invert of buried PVC pipes, a 
condition used to characterize the effect of poor construction practice or loss of 
support during service (say due to soil erosion at water leaks). The results of two 
dimensional finite element calculations simulating a PVC pipe buried in uniform 
bedding conditions were compared with the analytical solutions by Moore [103] and 
these results showed that the FEA results are close to the analytical solutions (within 
8%). Sensitivity analyses were also performed to establish that the mesh used in the 
analyses was both sufficiently accurate and efficient. 
The results of the finite element analyses illustrate that pipes with discontinuous 
bedding experience peak tensile wall stresses from 37% to 69% higher than those 
with uniform bedding for medium dense sand, and 45% to 95% higher for dense 
sand. Initially (for short void length), absence of soil support over a larger angle 
leads to higher stress and lower FS. However, once half void length exceeds two pipe 
diameters, higher FS values are actually obtained for larger void angles around the 
circumference. This results because a pipe without any support underneath (from 
springline to springline) experiences positive arching, where the loss of vertical 
stiffness under the pipe means that earth loads pass through the soil around the pipe. 
becomes almost constant for each subsequent case, so the additional loads carried by 
the pipe where it bridges across the void remain constant. 
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Void depth also has an effect on the factor of safety of the pipe. According to the 
FEA results, for half void lengths longer than 3 diameters, deeper voids under the 
pipe decrease the peak tensions in the pipe (producing higher factor of safety). It 
appears that for these longer voids, the extent to which the pipe needs to carry load 
and bridge across the void is dependent on the depth of the void. Once half void 
length reaches 4.5 times the pipe diameter, the factor of safety remains almost 
constant for each subsequent case.  
The results of the FEA also show that, when the bedding support around the PVC 
pipe is uniform ((VL/2)/OD = 0), a higher factor of safety is achieved for the pipe 
buried in dense sand compared to medium-dense sand bedding (this is the 
conventional understanding that as the soil around the pipe becomes stiffer, the pipe 
enjoys the benefits of more soil support and it carries less of the earth load). 
However, for the non-uniform bedding case, the factor of safety is almost the same 
(mostly slightly less) for the dense sand. The higher unit weight of the dense sand 
leads to a higher soil load to be carried by the pipe where it bridges across the void, 
and this leads to slightly lower factor of safety. This implies that it is preferable to 
select soil density to achieve uniform support without any void under the pipe invert, 
rather than to achieve the maximum density and stiffness. These results support 
conventional wisdom, where it is well know that the use of a layer of uncompacted 
bedding under the invert is preferable to a well compacted bedding that is not level 
(one that will produce high amounts of bedding stiffness at some locations under the 
pipe, but none under others). 
In order to investigate the effect of the shear failure of soils, the results of the elasto-
plastic (EP) and the linear elastic (LE) soil models were compared. According to the 
results of the FEA, the factors of safety obtained using the linear elastic model are 
higher than the ones obtained using elasto-plastic modeling of the soil (for conditions 
that are otherwise the same). This results because elastic ground can distribute earth 
loads around the erosion void more readily than elasto-plastic material [105]. It is for 
this reason that all results in this study (except the elastic calculations presented in 
Figure 10) are based on elasto-plastic soil modeling.  
The stress distribution in the PVC water pipe for different void lengths and angles 
Once the half void length reaches approximately 4 times the pipe diameter, FS were 
also investigated. The results of the finite element analyses indicated that if all the 
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other variables are held constant, an increase in the void length leads to an increase 
in the stresses acting on the pipe. However, for the same void length, the stresses 
acting on the buried pipe decreases as void angle increases (load passes around the 
pipe through the soil as a consequence of the loss of soil stiffness under the pipe 
invert). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 57
 
6. STUDY OF NON-UNIFORM BEDDING SUPPORT DUE TO EROSION 
UNDER CAST IRON WATER DISTRIBUTION PIPES 
6.1 Introduction 
Several recent studies have investigated failure mechanisms for cast iron water pipes. 
These studies have primarily focused on the adverse effects of corrosion, frost, 
reactive backfill, and earthquakes. It now appears that leaking pressure pipes can 
produce erosion voids under the buried structure. In this study, a parametric study 
employing three-dimensional finite element analyses is used to examine buried, 
continuous, cast iron water pipe. The objective is to understand the effect of such 
erosion voids on the stability of buried cast iron pipes, and the longitudinal soil-pipe 
interaction. The numerical analyses are performed using ABAQUS version 6.7.  
6.2 Statement of the Problem 
Legacy cast iron (CI) water pipes have thicker walls than the modern CI water 
distribution pipes. In this study, in order to illustrate the effect of the wall thickness 
on the CI pipe’s behavior in the soil, two different pipes are studied for uniform and 
non-uniform bedding conditions. In the analyses, half of the soil and pipe length is 
modeled because of the symmetry of the system. Both of the pipes are assumed to be 
continuous with 2.0m length (half pipe length). This length is sufficient enough to 
isolate the local bending effects from the two ends of the pipe and minimize 
boundary effects. The external diameters (OD) and wall thicknesses (t) of the pipes 
are OD=180mm, t=12mm for the thick (legacy) pipe (dimensions typical of cast iron 
water mains servicing older residential and commercial areas), and OD=160mm, 
t=5mm for the thin (more modern) pipe, respectively. The problem being analyzed is 
illustrated in Figure 6.1. 
The pipes are placed on the top of a soil layer of depth 1.0m, with a bedding depth of 
0.24m, and then covered with overburden soil to a depth of 2.5m. The analysis 
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represent a construction void though the effect of a void that develop during service 
is expected to be similar. In order to investigate the effect of non-uniform bedding 
support around the pipe, voids of different sizes, (i.e., void depths of 0.05m, and 
0.1m, half void lengths (VL/2) changing between 0.1m and 1.0m, and void angles 
(VA), 60, 120 and 180 under the pipe invert) are defined as shown in Figure 6.2. 
Finite element analyses were performed in eight steps: 
 Step 1: The in-situ geostatic stresses were modeled in the first step. The 
coefficient for lateral earth pressure was taken to be K0=1−Sin (for angle of 
internal friction of the soil ). After equilibrium of in-situ stresses was reached, 
the analysis proceeds to the next step. 
 Step 2: First layer of overburden soil is activated, corresponding to a fill 
height of 0.24m, and the pipe is “placed” (pipe elements are activated).  
 Step 3: Second layer of overburden soil is activated, corresponding to a fill 
height of 0.24m.  
 Step 4: Third layer of overburden soil is activated, corresponding to a fill 
height of 0.25m.  
 Step 5: Fourth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 6: Fifth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 7: Application of a uniform pressure on the top of the soil surface, 
representing the weight of a further layer of 1.5m of overburden soil (30kPa). 
 Step 8: Application of internal water pressure of 400kPa. 
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Figure 6.1 : Construction sequence of the model.  
 
Figure 6.2 : Typical views of the non-uniform bedding support considered around 
and along the CI pipe. 
6.3 Numerical Modeling 
6.3.1 Mesh design 
Finite element analyses have been utilized for a detailed examination of the effect of 
non-uniform bedding support around the CI water pipe. Finite element program 
ABAQUS version 6.7 was used to perform the analyses [78]. Fully bonded 
interaction between the pipe and the soil was considered. Based on this 
consideration, it is assumed that slip cannot occur unless the shear force at any node 
exceeds the maximum permissible value given by the normal force, and . Because 
an elasto-plastic model is being used for the soil, the condition for bonded interaction 
is given by: 
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tanf nc                 (6.1) 
where n is the normal stress across the interface,  the friction angle, c the cohesion, 
and  the shear strength of the soil. 
The soil and cast iron materials were modeled as isotropic solids, employing C3D20 
type twenty noded (quadratic) brick elements. The symmetry of the geometry 
permitted the modeling of just half of the system as shown in Figure 6.3. A total of 
approximately 3720 elements were employed throughout the mesh to model the pipe, 
and the soil layers. A finer FE mesh was used around the void, where rapidly varying 
stresses and strains were expected.  
 
     Figure 6.3 : A typical finite element mesh used to model the pipe-soil assembly. 
6.3.2 Materials 
Two different material models were used for the simulation of the soil layers. As a 
first approach, the soil was assumed to be an ideal linear elastic (LE) isotropic 
material with a constant Young’s modulus (E) and Poisson’s ratio (). Secondly, in 
order to simulate the effect of shear failure of soils, elasto-plastic behavior was 
adopted for the soil material using the Mohr–Coulomb (MC) model, which is often 
used for representing the behavior of geo-materials. For the elasto-plastic soil model, 
two different soil types, medium-dense and dense sand were studied, while for the 
linear elastic soil model, only medium density sand was considered for the 
comparison. In the analyses, typical mean (or expected) values of the soil modulus 
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were chosen for the sand layers consistent with McGrath et al., [83, 101]. A typical 
view of the soil layers used in the study is given in Figure 6.4.  
 
Figure 6.4 : A typical view of the soil layers used in the study (example featuring 
medium-dense backfill and overburden soil). 
A linear elastic material model was used for the CI pipe. Selection of linear elastic 
material modeling is based on past success with this approach in CI pipe analysis 
[75], and computational efficiencies needed for this complex three dimensional 
problem. While it is recognized that cast iron material response is actually nonlinear 
[2], the purpose of the current study is an assessment of the likelihood that erosion 
voids lead to ring fractures. Furthermore, uncertainty in the soil properties is 
expected to outweigh any lack of precision in the constitutive modeling of the cast 
iron. The material properties used for the CI pipe and the soil layers are given in 
Table 6.1.  
Table 6.1: Material parameters. 
Model Material Elasticity  
Modulus 
(E) 
(kPa) 
Poisson’s 
Ratio 
(υ) 
(-) 
Unit 
Weight 
() 
(kN/m3)
Cohesion 
(c) 
 
(kPa) 
Friction 
Angle  
() 
() 
Dilation 
Angle 
() 
() 
Medium-
Dense Sand 40x10
3 0.30 20.0 1.0 35 20 MC 
Dense Sand 80x103 0.30 21.0 1.0 40 25 
Medium-
Dense Sand 40x10
3 0.30 20.0 - - - 
Dense Sand 80x103 0.30 21.0 - - - 
 CI Pipe 7x1010 0.24 72 - - - 
LE 
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6.3.3 Boundary conditions 
Three classes of displacement (kinematic) boundary conditions were considered 
when modeling the pipe-soil assembly. A typical view of the boundary conditions 
used in the analyses is shown in Figure 6.5. 
 Longitudinal axis of the soil is restrained against movement in the x direction 
(i.e. the planes where x = 0 and x = 2.0m) by applying Ux = 0 boundary 
conditions. 
 The plane of symmetry (i.e. the plane where y = 0) featured movements 
prevented normal to that plane by applying a Uy = 0 boundary condition. 
 The bottom of the soil layer is restrained against movement in the x, y and z 
directions (Ux =Uy=Uz=0 boundary conditions). 
The static boundary conditions (internal pressure in the pipe and overburden 
pressure) were discussed in an earlier section. The boundary conditions given in 
Figure 6.5 refer to both fixities and loads used in the analyses.  
 
                       Figure 6.5 : Boundary conditions used in the finite element analyses. 
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6.4 Results 
6.4.1 Treatment of internal pressure 
First, the results of this parametric study are represented as Factor of Safety (FS) 
versus half void length/pipe diameter ((VL/2)/OD) graphs. The FS is calculated by 
using Eq. (6.2) given below, 
Tensile Strength of Cast IronFS
S Max
            (6.2) 
where, SMax is the maximum principal tensile stress obtained using the finite 
element analysis.  
The original tensile strengths for the cast iron pipes used in the example problems 
have been quantified considering pit-cast iron with designation 11/31 (corresponding 
to a tensile rupture stress of 11 ksi or 75 MPa).  For operating pressure of 400kPa 
alone, ignoring earth load effects and localized voids under the pipe invert, this 
corresponds to an initial factor of safety against rupture of 28.85, and for surge 
pressures of 750KPa it corresponds to a factor of safety against rupture of 15.38 for 
the thick CI pipe (e.g. see Jaganathan et al. [64]). For the same conditions, the factors 
of safety against rupture for the thin CI pipe are calculated as 12.50, and 6.67, 
respectively. Rajani et al. [105] indicate that the tensile strength of deteriorated pit-
cast iron pipes may be as low as 33MPa, producing factors of safety for internal 
pressures of 400kPa and 750kPa of 12.69 and 6.77 for the thick pipe, and 5.50 and 
2.93 for the thin pipe, respectively. The internal pressures of 400kPa and 750kPa 
lead to hoop tensions that induce longitudinal fractures in the pipe. Calculated 
stresses from the current study will be presented as factors of safety against rupture, 
based on tensile strength of 33MPa, and including the effects of soil loading, and 
longitudinal bending as a result of localised voids that develop under the pipeline. 
According to AWWA C101-67 (1977) [106], design of water mains with a FS of 2.5 
for flexural and tensile stresses is recommended. Therefore, the FS values obtained 
by the finite element analyses are compared with the FS value of 2.5 as 
recommended by AWWA C101-67 (1977).  
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6.4.2 Effect of mesh density 
Circumferential stresses in the pipe for uniform bedding support 
The results of the finite element analyses (FEA) simulating a buried CI pipe with 
uniform bedding support are compared with the analytical solutions by Moore [105]. 
The solution procedures used for the calculation of maximum and minimum 
compressive wall stresses around the pipe circumference are given in Eq.s (6.3), and 
(6.4), 
sp csp
c
p p
M yN
A I
               (6.3) 
cr tcr
t
p p
M yN
A I
               (6.4) 
where, c is the maximum compressive circumferential wall stress, Nsp is the thrust at 
the springline, Ap is the cross-sectional area per unit length, Msp is the bending 
moment at the springline, yc is the distance from the neutral axis of the pipe section 
to the extreme fibers in compression, and Ip is the second moment of area per unit 
length of the pipe. Similarly, t is the maximum tensile circumferential wall stress, 
Ncr is the thrust at the crown, Mcr is the bending moment at the crown, and yt is the 
distance from the neutral axis of the pipe section to the extreme fibers in tension. 
The results of the FEA are given as FS versus (VL/2)/OD graphs. In the calculation 
of FS, the maximum principal stresses acting on the pipe correspond to the most 
critical case. Thus, the results are compared in terms of maximum stresses. For the 
case without internal pressure, according to the analytical solution, the maximum 
compressive stress (-3.255MPa) was at the springline, whereas the maximum tensile 
stress (2.559MPa) was at the invert of the thick pipe. Similarly, the maximum 
compressive stress (-6.750 MPa) was at the springline, whereas the maximum tensile 
stress (4.780 MPa) was at the invert of the thin pipe for the case without internal 
pressure. The maximum tensile stresses obtained by the analytical solution are used 
for the calculation of the maximum tensile stresses for the pipes subjected to internal 
water pressure.  
. 0.4 0.078 2.60
0.012
P R MPa
t
              (6.5)  
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400 0, ,( ) ( ) 2.60 2.559 5.16P Pcr in cr in MPa                (6.6) 
. 0.4 0.075 6.0
0.005
P R MPa
t
              (6.7)  
400 0, ,( ) ( ) 6.0 4.78 10.78P Pcr in cr in MPa                (6.8) 
The solutions are given in Eq.s (6.5), and (6.6) for the thick pipe, and Eq.s (6.7), and 
(6.8) for the thin pipe, respectively. In the equations, is the hoop stress caused by 
internal pressure, and cr,in is the maximum tensile stress acting on the inside surface 
of the crown of the pipe. In the finite element analyses, an internal water pressure (P) 
of 400kPa is used based on typical operational water pressure data previously 
reported by Allouche et al. [104]. 
The comparison of the analytical and FEA results for a pipe buried in medium-dense 
sand with uniform bedding support is presented in Table 6.2, where stresses are 
given to four significant figures to facilitate calculations of percent difference (given 
the material approximations discussed earlier, the results would not be accurate to 
this level). In the table, negative (-) sign corresponds to compression, and positive 
(+) sign corresponds to tension. In order to determine the effect of mesh density on 
the FEA results, a series of different meshes were developed for the buried CI pipe. 
In the table below, the FEA results (A) correspond to a typical mesh used in the 
analyses (6 elements along the half void length, and 12 elements around the 
circumference of the half pipe), (B) a refined mesh along the axis and around the 
circumference of the pipe (24 elements along the half void length, and 24 elements 
around the circumference of the half pipe), and (C) a refined mesh along the axis, 
around the circumference and through the thickness of the pipe (24 elements along 
the half void length, 24 elements around the circumference of the half pipe, and 2 
elements through the thickness of the pipe), respectively. 
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Table 6.2: Comparison of analytical and FEA results. 
   Analytical FEA 
    A B C 
 sp in (MPa) -3.255 -3.495 -3.473 -3.464 
 P=0 Difference (%)  7.4 6.7 6.4 
 sp in (MPa) 5.160 5.474 5.452 5.437 
 P=400 (kPa) Difference (%)  6.1 5.7 5.4 
 sp in (MPa) -6.750 -7.351 -7.300 -7.232 
 
P=0
Difference (%)  8.9 8.2 7.1 
 sp in (MPa) 10.780 11.66 11.62 11.57 
 P=400 (kPa) Difference (%)  8.2 7.8 7.3 
The analytical solution technique used in this study is based on the consideration that 
the pipe has a thin wall. However, the thickness of the legacy CI pipe used in this 
study is relatively large compared to the diameter of the pipe (it is 6.7% of the pipe 
diameter). As a consequence of this assumption, the differences between the 
analytical solutions and the FEA results decrease with refinement from 7.4% to 
6.4%, for the buried thick CI pipe without internal pressure, and 6.1% to 5.4% for the 
pipe with an internal pressure of 400kPa. On the other hand, the differences between 
the analytical solutions and the FEA results decrease from 8.9% to 7.1%, for the 
buried thin CI pipe without internal pressure, and 8.2% to 7.3% for the pipe with an 
internal pressure of 400kPa. The differences in the results are considered to be within 
acceptable limits, particularly given the material approximations described earlier.  
Pipe with non-uniform bedding support 
In order to illustrate further the effect of mesh density on the FEA results, a series of 
different meshes were developed for the CI pipes buried under non-uniform bedding 
support. The results of the mesh density study for the thick CI pipe are given in 
Figure 6.6. The voids in this figure correspond to a void angle of 60, and a half void 
length of 50cm. 
t=12mm 
t=5mm 
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Figure 6.6 : Comparison of the effect of mesh density (a) a typical mesh used in the 
analyses, (b) refined mesh along the axis and around the 
circumference of the pipe, (c) refined mesh along the axis, around the 
circumference and radially through the wall of the pipe. 
The differences between the results obtained from different meshes given in Figure 
6.6a-c were 0.07% and 0.2%. Similarly, the maximum principal stresses obtained for 
the analyses of the thin pipe were SMax= 11.99MPa, 11.99MPa, and 11.92MPa for 
the typical mesh densities given in Figure 6.6a-c, respectively. According to these 
results, the maximum difference between the different mesh densities for the thin 
pipe was 0.59%. To obtain the computational efficiencies needed for study of this 
complex three dimensional problem, mesh (A) with lowest computational cost is used 
subsequently, since this maintains sufficient accuracy.  
6.4.3 Effect of void size along the axis, and around the circumference of the pipe 
To examine the effect of void size along the axis of the pipe, ten different half void 
lengths ranging from 0.1m to 1.0m were studied for each pipe. For the sake of 
clarity, only the FS versus (VL/2)/OD graphs of the CI pipes buried in medium-dense 
sand, modeled using the elasto-plastic soil model are shown in Figures 6.7a and b. 
The voids in these graphs correspond to 60, 120 and 180 void angles around the 
circumferences of the pipes.  
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(a) 
 
 
(b) 
   Figure 6.7 : Effect of void length and angle for (a) thick CI pipe, (b) thin CI pipe.  
The vertical earth pressure on a buried flexible pipe is less than the weight of the soil 
around the pipe due to positive arching. However, if the structure is stiffer than the 
soil, then negative arching occurs (loads are attracted to the structure, [34]). Thus the 
vertical earth pressure on a rigid pipe is greater than the weight of the soil above the 
structure [107]. These figures reveal that as the void size around the circumference of 
the pipe increases, the CI pipe attracts more stresses due to negative arching, and this 
amplifies the forces carried by the pipe, and decreases Factors of Safety (FS). 
Similarly, an increase in the void length along the axis of the pipe further decreases 
the values of FS. For the thick and thin pipes, with an exception of a void angle of 
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180, a similar behavior is observed in the FS as the void size along the axis and 
around the circumference of the pipe increased. However, as can be seen from Figure 
6.7b, a void angle of 180 causes a sharp dip in the FS to occur for the thin pipe for 
0<(VL/2)/OD<1.5. When soil support is completely removed from under the thin 
pipe (VA=180), the loss of vertical stiffness under the invert causes the earth loads 
to be carried by the pipe, and consequently leads to lower FS values for shorter void 
lengths (0<(VL/2)/OD<0.5). However, as the void length increases 
((VL/2)/OD>1.5), part of the earth loads pass through the soil and the amount that 
reaches the crown of the pipe is reduced. This results in a decrease in the tensile 
stresses that develop in the pipe (between 0.5<(VL/2)/OD<1.5). This phenomenon 
does not occur for void angle of 60, presumably because the soil still has stiffness 
under the pipe and there is minimal load distribution through the soil (away from the 
pipe). 
For the thin pipe, for a void angle of 60, as the void length increases, the maximum 
tensile stresses acting on the pipe increase from 11.79MPa to 11.99MPa, and the 
maximum compressive stresses acting on the soil increase from -0.11MPa to -
0.18MPa. On the other hand, for a void angle of 180, the maximum tensile stresses 
acting on the pipe first decrease (from 13.45MPa to 12.30MPa), and then increase (to 
12.91MPa), and the maximum compressive stresses acting on the soil increase from -
0.13MPa to -0.22MPa. This indicates that, as the void size under the invert of the CI 
pipe increases, although the stresses acting in the pipe increase, the soil support also 
increases and prevents further decreases in the FS values. It can also be seen that, a 
void angle of 180 around the circumference of the thin pipe (Figure 6.7b) results in 
a lower factor of safety for 0<(VL/2)/OD<1.5 than the value recommended by 
AWWA C101-67. This indicates the possibility of failure of the cast iron pipe under 
this bedding condition.  
6.4.4 Effect of void depth 
In order to examine the effect of void depth along the axis of the pipe, two different 
void depths, 0.05m and 0.1m, and ten different half void lengths (ranging from 0.1m 
to 1.0m) were studied for each pipe. For the sake of clarity, only the FS versus 
(VL/2)/OD graphs of the pipes buried in a medium-dense sand layer, modeled using 
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the elasto-plastic soil model are shown in Figures 6.8a and b. The voids in these 
graphs correspond to 180 void angles around the circumferences of the pipes.  
 
(a) 
 
(b) 
             Figure 6.8 : Effect of void depth for (a) thick CI pipe, (b) thin CI pipe. 
Figure 6.8a indicates that for thick pipe bridging across voids with half lengths 
greater than two diameters ((VL/2)/OD > 2), void depth has a substantial effect on 
the factor of safety. There is a significant transition at (VL/2)/OD = 2, and for deeper 
voids there is a very noticeable decrease in FS as void length increases. However, 
once the half void length reaches approximately 4.5D, the FS becomes almost 
constant for both values of void depth.  
On the other hand, a somewhat different behavior is observed for the thin pipe 
(Figure 6.8b). FS is less sensitive to void depth under the thin pipe, though factor of 
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safety is affected by void depth once the half void length exceeds 0.5 OD (Figure 
6.8b). There is a modest increase, then once the void length exceeds approximately 
2.5 OD, the FS decreases but very slightly. The figure also indicates that, while the 
FS values are slightly higher than the recommended value of 2.5 for a void depth of 
5cm, lower FS values are obtained for the cases with a void depth of 10cm. This 
reveals that increases in void depth and/or void length under the pipe could lead to 
pipe failure. 
6.4.5 Effect of soil stiffness 
In the analyses, pipe responses were examined within two different soil types 
corresponding to medium-dense (MD) and dense (D) sands. Figures 6.9a and b 
present FS calculated for different values of (VL/2)/OD for the elasto-plastic soil 
model. 
 
(a) 
Figure 6.9 : Effect of soil stiffness on factor of safety FS for different ratios of half 
of the erosion void length (VL/2) versus pipe diameter (OD); 
MD=medium-dense sand; D=dense sand; results for angles 60, 120 
and 180 degrees are shown for (a) thick CI pipe, (b) thin CI pipe. 
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(b) 
Figure 6.9 (Continued) : Effect of soil stiffness on factor of safety FS for different 
ratios of half of the erosion void length (VL/2) versus pipe diameter 
(OD); MD=medium-dense sand; D=dense sand; results for angles 60, 
120 and 180 degrees are shown for (a) thick CI pipe, (b) thin CI pipe. 
These figures indicate that, a higher factor of safety is achieved for the CI pipes 
buried in dense sand, compared to the ones buried in medium-dense sand. This was 
expected, since stiffer soil around the pipe provides more soil support and the pipe 
needs to support less of the earth load. However, that pipe in higher modulus soil 
experiences a greater increase in hoop stress (and decrease in FS) for short voids (at 
(VL/2)/OD=0.5) eroded over larger angles (120o and 180o), since local loss of higher 
stiffness soil under the invert leads to greater change in hoop stress. 
6.4.6 Effect of shear failure of soil 
In order to investigate the effect of shear failure in the soil, results for elasto-plastic 
(EP) and linear elastic (LE) soil models are compared in Figures 6.10a and b. Results 
are given for medium-dense sand. 
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(a) 
 
(b) 
     Figure 6.10 : Effect of shear failure of soil for (a) thick CI pipe, (b) thin CI pipe.  
From these figures it can be easily seen that the factors of safety obtained using the 
linear elastic model are higher than the ones obtained using elasto-plastic modeling 
of the soil (for conditions that are otherwise the same). This results because elastic 
ground can distribute earth loads around the erosion void more readily than elasto-
plastic material (consistent with two dimensional studies of erosion voids adjacent to 
rigid pipes [90]). It is for this reason that all results in this study (except the elastic 
calculations presented in Figure 6.10) are based on elasto-plastic soil modeling.  
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6.4.7 Pattern of bending stresses in the pipe over the void 
Figure 6.11a-c show the stress distributions in the cast iron water pipes for different 
void lengths and angles. From these figures, it can be readily seen that, as the void 
length increases, the stresses acting on the pipe also increase. Similarly, if all other 
variables are held constant, an increase in the void angle leads to an increase in the 
stresses acting on the pipe as a consequence of the earth loads from above the pipe 
that have to be carried by the pipe where it bridges across the void. Figures 6.11b and 
c also clearly indicate the effect of the thickness of the pipe on the stress distribution. 
For conditions otherwise the same, as the thickness of the CI pipe decreases, the 
stresses acting on the pipe increase. 
 
 
Figure 6.11 : Comparison of maximum principal stresses along the pipe over the 
void for different void lengths and angles (a) thick pipe, void 
angle=60, half void length=20-100cm, (b) thick pipe, void 
angle=180, half void length=20-100cm, (c) thin pipe, void 
angle=180, half void length=20-100 cm. 
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Figure 6.11 (Continued) : Comparison of maximum principal stresses along the 
pipe over the void for different void lengths and angles (a) thick pipe, 
void angle=60, half void length=20-100cm, (b) thick pipe, void 
angle=180, half void length=20-100cm, (c) thin pipe, void 
angle=180, half void length=20-100 cm. 
Table 6.3 shows the direction of the peak tension (S Max) acting on the pipe. The 
results given in this table are for the thin pipe with 30cm, 60cm and 90 cm half void 
lengths, and 180 void angle under the invert. However, similar behavior is observed 
for all the other void lengths and angles. In the table, negative (-) sign corresponds to 
compression, and positive (+) sign corresponds to tension. The peak tension (S Max) 
and the axial stress (A) values are obtained from the finite element analyses, and the 
radial (R), and the hoop stresses () are calculated using the stress transformation 
formulas. 
Table 6.3: The direction of the peak tension in the pipe. 
VL 
(cm) 
VA 
(degrees)
S Max
(MPa) 
R 
(MPa) 

(MPa) 
A 
(MPa) 
30 12.3 -0.27 12.3 4.28 
60 180 12.7 -0.26 12.7 6.43 
90 12.9 -0.26 12.9 7.52 
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As can be seen from the table, the radial (R), and the axial stresses (A) are low 
compared to the hoop stresses (), and the peak tension is always in the hoop 
direction. As a result of the high hoop stresses induced by the non-uniform bedding 
support, longitudinal fractures are likely to occur in the pipe which may consequently 
cause pipe failure.  
6.5 Discussion and Conclusions 
The primary purpose of this study was to develop a better understanding of the effect 
of erosion voids on the stability of buried cast iron pipes, and the longitudinal soil-
pipe response. The results of two dimensional finite element calculations simulating 
cast iron pipes with two different thicknesses buried in uniform bedding conditions 
were compared with the analytical solutions by Moore [103]. These results showed 
that the FEA results are in good agreement with the analytical solutions. Sensitivity 
analyses were also performed to determine that the mesh used in the three 
dimensional analyses simulating longitudinal effects was both sufficiently accurate 
and efficient. 
The analysis results illustrate that, as the void size around the circumference of the 
pipe increases, the CI pipe attracts more stresses as the pipe acts to carry loads across 
the soil void. This amplifies the forces experienced by the pipe and leads to a 
decrease in the factor of safety (FS) against tensile rupture. Similarly, an increase in 
the void length along the axis of the pipe further decreases the values of FS. 
Void depth also has an effect on the factor of safety of the pipe. According to the 
FEA results, as the void depth increases, the factor of safety of the thick CI pipe 
decreases significantly once the half void length exceeds approximately 2 OD. 
However, once the half void length reaches approximately 4.5 OD, the FS becomes 
almost constant for each subsequent case. On the other hand, as the void depth under 
the thin pipe increases, the factor of safety of the CI pipe decreases until void length 
reaches approximately 0.5 OD, and then starts to increase slowly for each subsequent 
void depth. Once the half void length exceeds approximately 2.5 OD, the FS 
becomes almost constant for each subsequent case. 
Not surprisingly, the analyses simulating a cast iron pipe buried in two different soils 
indicate that a higher factor of safety is achieved for the CI pipes buried in dense 
 77
sand, compared to ones buried in medium-dense sand. As the soil around the pipe 
becomes stiffer, the pipe experiences more soil support and caries less of the earth 
load.  
The FS values obtained using the linear elastic model are higher than the ones 
obtained using the elasto-plastic modeling of the soil (for conditions that are 
otherwise the same). This results because elastic ground can distribute earth loads 
around the erosion void more readily than elasto-plastic material (consistent with two 
dimensional studies of erosion voids adjacent to rigid pipes [90]). It is for this reason 
that all results in this study (except the elastic calculations presented in Figure 10) 
are based on elasto-plastic soil modeling.  
In order to evaluate bending along the pipe over the void, the results of thick and thin 
CI pipes are compared under different half void lengths (VL/2=20cm, 60cm, and 
100cm along the axis of the pipes), and void angles (VA=60 and 180) around the 
circumference of the pipes. The results of the FEA analyses indicated that, as the 
void length increases, the stresses acting on the pipe also increase. Similarly, if all 
other variables are held constant, an increase in the void angle leads to an increase in 
the stresses acting on the pipe as a consequence of the earth loads from above the 
pipe that have to be carried by the pipe where it bridges across the void. It is also 
consistently true that for conditions otherwise the same, as the thickness of the CI 
pipe decreases, the stresses acting on the pipe increase. 
The results of the finite element analyses also show that the radial (R), and the axial 
stresses (A) are low compared to the hoop stresses (), and the peak tension is 
always in the hoop direction. As a result of the high hoop stresses induced by the 
non-uniform bedding support, longitudinal fractures are likely to occur in the pipe 
which may consequently cause pipe failure.  
A sudden tensile stress increase (16%) in the pipe as a result of a 180 void under the 
invert for a short void (0<(VL/2)/0.5) leads to a sharp decrease in the FS. This might 
be a triggering or contributing factor in the failure of the pipe. However, it does not 
clearly explain the pipe fractures mostly observed in the field since the orientation of 
the peak tensile stresses caused by an erosion void under the pipe invert are found to 
be in the hoop direction (see Appendix A), while in the field the failure is mostly 
observed to be as a result of ring fractures caused by the axial stresses. On the other 
 78
hand, the reason of failure of buried pipes could be that the leakage also magnifies 
ground movements as a result of frozen ground or reactive soils, in which the 
magnitude of the movement for both mechanisms is a consequence of moisture 
changes in the soil. Therefore, more studies of the effects of differential ground 
movement work are needed to clarify the failure mechanism of buried pipelines.  
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7. STUDY OF NON-UNIFORM BEDDING DUE TO VOIDS UNDER 
JOINTED PVC WATER DISTRIBUTION PIPES 
7.1 Introduction 
PVC is used in water and wastewater piping applications all over the world. One of 
the most common methods of joining PVC pipe segments is with gasketed bell-and 
spigot joints. The gaskets used in pipe joints are generally made of homogenous, 
non-reinforced rubber or an elastomeric sealing ring. However, the current 
generation of pipe seals involves a locked-in gasket, commonly referred to as a 
Rieber joint which is reinforced with an adjoining external or internal steel ring. The 
gasketed joint is designed so that when assembled, the elastomeric gasket is 
compressed radially between the pipe spigot and the bell to form a positive seal. 
After the spigot is inserted into the bell, the rubber gasket seated in the bell prevents 
leakage between the two adjoining pipe segments [29, 32, 48, 50, 56]. 
Since defects at the pipe joints can cause serious problems which may consequently 
lead to pipe failure, pipe joints have a major influence on the overall performance of 
a pipe system [14-15]. One of the most common problems encountered in the pipe 
joints is leakage. Leakage from the joint can cause serious public health issues as a 
result of a potential contamination of the drinking water in the pipe by infiltration, or 
the groundwater by exfiltration through a sewage line. Leakage from joints can also 
cause erosion of the soil materials around the pipe which may lead to the formation 
of erosion voids around or under the pipe and consequently cause pipe failure [108].  
Many design variables such as the material properties of the gasket, loading 
conditions over the pipe, and bedding that is sufficiently uniform all play important 
roles in achieving a leak proof joint, and may also influence pipe behavior under 
longitudinal bending. The performance of pipe joints is affected by many factors, and 
this makes it difficult to predict the behavior of joints in service. Therefore, although 
joints can have a major influence on the pipe performance, little research has been 
conducted in regard to their design [16-24]. 
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The stability of a buried pipeline depends on various factors such as the soil-pipe 
interaction, and the uniformity of the soil support around the pipe. A stable 
foundation with uniform bedding made of select, compact material that conforms to 
the external curvature of the pipe is important for provision of uniform longitudinal 
support along the pipeline. However, it is almost impossible to provide a thoroughly 
uniform bedding support along a pipeline. Construction conditions such as the use of 
unstable foundation materials, over-excavation at the bell or elsewhere, and non-
uniform compaction of the bedding soil can all lead to sections where the pipe invert 
and haunches lack proper support. Furthermore, the voids may develop while the 
pipe is in service where leakage erodes the underlying soil. The existence of non-
uniform bedding support deserves study to explore where it contributes to excessive 
longitudinal or circumferential stresses [11, 87-90, 100]. Current design standards 
focus on two dimensional behavior around the pipe circumference, so implicitly 
assume that loading and bedding conditions along pipes are uniform (neglecting the 
possibility of variability of soil properties and imperfections in the bedding along the 
pipe [83, 87, 91-95, 99-100]). 
Previous chapters concentrate on the evaluation of the insertion and bending 
characteristics of a rieber type gasketed bell-and-spigot jointed PVC pipe [102], and 
the change in the factors of safety and stresses around continuous PVC and cast iron 
(CI) pipes due to non-uniform bedding support. In the first study, the effects of 
important parameters such as the insertion depth of the spigot into the bell, the 
friction coefficient between the pipe and the gasket, and gasket modulus and 
geometry were investigated, and insertion force and bending characteristics where 
quantified for a rieber-type jointed PVC pipe. The two studies on continuous pipe 
examined the effect of void size and soil stiffness on the stresses in PVC and CI 
pipes, respectively. However, voids often occur at joints (due to over-excavation and 
leakage), and the joint characteristics can be expected to have a substantial effect on 
the manner in which the pipe spans across a void. The objective of this present work, 
therefore, is to evaluate the effect on stresses and the deformations in bell-and-spigot 
jointed PVC water pipe with a section of unsupported invert and haunches. The finite 
element analyses are performed using ABAQUS version 6.7.  
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7.2 Statement of the Problem 
In this chapter, a PVC water pipe with bell-and-spigot joints is studied under uniform 
and non-uniform bedding conditions. In the finite element analyses (FEA), a pipe of 
SDR 28 and nominal size 135 mm which has average internal diameter 133 mm, 
average wall thickness 5.5 mm, average external diameter (OD) 143mm, and average 
bell depth of 100mm is modeled using the geometry measured from the sample. The 
deformation and bending response of this pipe are described in detail elsewhere 
(Balkaya and Moore [102]). A rieber-type rubber gasket located at the inner side of 
the pipe bell was considered in the former study, having an asymmetrical shape and 
reinforcement consisting of a steel ring placed at the core. However, computational 
efficiencies are needed in the analysis of this complex three dimensional problem, so 
a simpler gasket geometry is used, chosen to provide the same bending 
characteristics as those calculated by Balkaya and Moore [102]. The original rieber 
gasket and the simplified geometry of the gasketed PVC pipe-joint being analyzed 
are illustrated in Figures 7.1.a and b.  
 
Figure 7.1 : (a) The original rieber gasket geometry of the gasketed 
PVC pipe-joint assembly before insertion of the spigot 
into the bell, and the rieber gasket details, (b) The 
simplified geometry of the gasketed PVC pipe-joint 
assembly after 3.0cm insertion of the spigot into the bell, 
and the simplified gasket details. 
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To determine the appropriate modulus of elasticity for the simplified gasket, 
ABAQUS models for use in calculating the effect of modulus on bending 
characteristics are presented in Figure 1.b. Solutions for longitudinal bending 
stiffness of the original joint (i.e. resistance against joint rotation) were obtained for 
three values of gasket modulus (0.2MPa, 1.0MPa, and 10.0MPa), where the spigot 
was inserted a distance of 3.0 cm and a lateral prescribed displacement of 0.45mm 
was used (as per Balkaya and Moore [102]). Analyses were also performed for the 
simplified gasket geometry and the same three rubber gasket moduli and prescribed 
displacements (insertion length and lateral displacement). The bending moment per 
degree of joint rotation versus gasket modulus values for these six calculations are 
then compared in Figure 7.2. According to the figure, a modulus of elasticity of 
5.0MPa, provides the same bending characteristics as the rieber type gasket having a 
modulus of elasticity of rubber of 1.0MPa, and this will be used in subsequent 
analyses of the buried jointed pipe.  
 
Figure 7.2 : Determination of the modulus of elasticity of the simplified 
gasket. 
The buried pipe problem being analyzed is illustrated in Figure 7.3. The pipe is 
placed on the top of a soil layer of depth 1.0m, with a bedding depth of 0.225m, and 
then covered with overburden soil to a depth of 2.5m. The analysis represent a 
construction void though the effect of a void that develop during service is expected 
 83
to be similar. In order to investigate the effect of non-uniform bedding support 
around and along the pipe, voids of different sizes, (i.e., void depth (VD) of 0.05m, 
void lengths (VL) of 0.30m and 0.60m, and void angles (VA), 60, 120 and 180) 
and at different locations (i.e., under the spigot, under the joint, and under the bell) 
are defined under the pipe as shown in Figure 7.4. Finite element analyses were 
performed in eight steps: 
 Step 1: The in-situ geostatic stresses were modeled in the first step. The 
coefficient for lateral earth pressure was taken to be K0=1−Sin (for angle of 
internal friction of the soil ). After equilibrium of in-situ stresses was reached, 
the analysis proceeds to the next step. 
 Step 2: First layer of overburden soil is activated, corresponding to a fill 
height of 0.24m, and the pipe is “placed” (pipe elements are activated).  
 Step 3: Second layer of overburden soil is activated, corresponding to a fill 
height of 0.24m.  
 Step 4: Third layer of overburden soil is activated, corresponding to a fill 
height of 0.25m.  
 Step 5: Fourth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 6: Fifth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 7: Uniform pressure is applied on the top of the soil surface, 
representing the weight of a further layer of 1.5m of overburden soil. 
 Step 8: Internal water pressure of 400kPa is applied. 
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Figure 7.3 : Construction sequence of the model.  
 
Figure 7.4 : Typical views of the non-uniform bedding support considered 
around and along the bottom (invert and haunches) of the 
PVC pipe. 
7.3 Numerical Modeling 
7.3.1 Mesh design 
Finite element analyses have been utilized for a detailed examination of the effect of 
non-uniform bedding support around and along a bell-and-spigot jointed PVC water 
distribution pipe. Finite element program ABAQUS version 6.7 was used to perform 
the analyses [78]. Fully bonded interaction between the pipe and the soil was 
considered. Based on this consideration, it is assumed that slip cannot occur unless 
the shear force at any node exceeds the maximum permissible value given by the 
normal force, and . Because an elasto-plastic model is being used for the soil, the 
condition for bonded interaction is given by Eq. (7.1), 
tanf nc                 (7.1) 
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where n is the normal stress across the interface,  the friction angle, c the cohesion, 
and  the shear strength of the soil. 
The soil and PVC materials were modeled as isotropic solids, employing C3D20 type 
twenty noded (quadratic) brick elements. The symmetry of the geometry permits the 
modeling of just half of the system as shown in Figure 7.5. A total of 36576 elements 
were employed throughout the mesh to model the pipe, the gasket and the soil layers. 
A finer FE mesh was used around the void, where rapidly varying stresses and strains 
were expected.  
 
Figure 7.5 : A typical finite element mesh used to model the pipe-soil 
assembly. 
7.3.2 Materials 
In the analyses, the soil was modeled as elasto-plastic material using the Mohr–
Coulomb (MC) model. Two different soil materials, medium-dense and dense sand 
were considered for the simulation of the soil layers. In the analyses, typical mean 
(or expected) values of the soil modulus were chosen for the sand layers consistent 
with McGrath et al., [83, 101]).  A typical view of the soil layers used in the study is 
given in Figure 7.6.  
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Figure 7.6 : A typical view of the soil layers used in the study (example 
featuring medium-dense backfill and overburden soil). 
A linear elastic material model was used for the PVC pipe and the rubber gasket. 
Selection of the linear elastic material modeling is based on the past success with this 
approach in thermoplastic pipe analysis [79-82, 102], and computational efficiencies 
needed for this complex three dimensional problem. The material properties used for 
the PVC pipe, the rubber gasket, and the soil layers are given in Table 7.1.  
Table 7.1: Material parameters. 
Model Material Elasticity  
Modulus  
(E) 
(kPa) 
Poisson’s 
Ratio 
(υ) 
(-) 
Unit 
Weight 
() 
(kN/m3)
Cohesion 
(c) 
 
(kPa) 
Friction 
Angle  
() 
() 
Dilation 
Angle 
() 
() 
Medium-
Dense Sand 40x10
3 0.30 20.0 1.0 35 20 MC 
Dense Sand 80x103 0.30 21.0 1.0 40 25 
PVC 3x106 0.38 13.8    
 Rubber 5x103 0.45 12.5    
7.3.3 Boundary conditions 
Three classes of displacement (kinematic) boundary conditions were considered 
when modeling the pipe-soil assembly. A typical view of the boundary conditions 
used in the analyses is shown in Figure 7.7. 
 Longitudinal axis of the soil is restrained against movement in the x direction 
(i.e. the planes where x = 0 and x = 4.0m) by applying Ux = 0 boundary 
conditions. 
LE 
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 The plane of symmetry (i.e. the plane where y = 0) featured movements 
prevented normal to that plane by applying a Uy = 0 boundary condition. 
 The bottom of the soil layer is restrained against movement in the x, y and z 
directions (Ux =Uy=Uz=0 boundary conditions). 
 
Figure 7.7 : Boundary conditions used in the finite element analyses. 
The static boundary conditions (internal pressure in the pipe and overburden 
pressure) were discussed in an earlier section. The boundary conditions given in 
Figure 7.7 refer to both fixities and loads used in the analyses.  
7.4 Results 
7.4.1 Effect of mesh density  
In order to determine the effect of mesh density on the FEA results, a series of 
different meshes were developed for the PVC pipe buried under uniform and non-
uniform bedding conditions. The comparison of the different mesh densities is 
presented in Figure 7.8. These FEA results correspond to a typical mesh used in the 
analyses, and a refined mesh around the circumference of the pipe. The voids in this 
figure correspond to a void length of 30cm, and a void angle of 60 under the pipe 
invert. 
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Figure 7.8 : Comparison of the effect of mesh density (a) a typical mesh 
used in the analyses (12 elements around the circumference 
of the half pipe), (b) refined mesh (24 elements around the 
circumference of the half pipe) (deflections are magnified by 
100). 
The differences between the peak stresses obtained from the meshes given in Figure 
7.8a and b were 0.82% for the uniform bedding, 5.23% for the case with a void under 
the spigot, 2.11% for the case with a void under the joint, and 0.91% for the case 
with a void under the bell. These results show that the different mesh densities do not 
have a significant effect on the stress distribution around the pipe. Therefore, due to 
the computational efficiencies needed for this complex three dimensional problem, 
the mesh with lowest computational cost maintaining relatively high accuracy 
(Figure 7.8a) was used throughout the remainder of this study.  
7.4.2 Effect of void size under the joint 
In order to investigate the effect of a void under the joint, voids of different sizes, 
(i.e., void depth (VD) of 0.05m, void lengths (VL) of 0.30m and 0.60m, and void 
angles (VA) of 60, 120 and 180) are defined under the pipe invert. The results are 
presented as vertical displacement (Uz/OD) versus length along the pipe axis from 
the center of the void (X/OD), as shown in Figures 7.9-7.11.  
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Figure 7.9 : Vertical displacements along the crown of the pipe for void 
straddling the joint. 
 
 
Figure 7.10 : Vertical displacements along the springline of the pipe for 
void straddling the joint. 
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Figure 7.11 : Vertical displacements along the invert of the pipe for 
void straddling the joint. 
Figures 7.9-7.11 show the vertical displacement along the crown, springline, and 
invert of the pipe, respectively. From these figures it can be readily seen that as the 
void length under the joint increases, the vertical displacements also increase. As 
expected, the minimum vertical displacement occurs at the crown, and the maximum 
vertical displacement occurs at the invert of the pipe. Similarly, an increase in the 
void angle leads to an increase in the vertical displacement at the crown and the 
springline. However, this behavior changes at the invert. For a void length of 30cm, 
the maximum vertical displacement occurs at a void angle of 60, and the minimum 
displacement occurs at 180. This behavior can be explained by positive arching (a 
pipe without support under its invert does not carry as much vertical earth load, since 
the loss of vertical stiffness under the pipe means that more of the earth loads pass 
through the soil and around the pipe). For a void length of 60cm, the minimum 
vertical displacement occurs at a void angle of 60, while the maximum occurs for 
void angle of 120. 
7.4.3 Effect of void size under the spigot and bell 
In order to investigate the effect of a void under the spigot and bell, voids of different 
lengths and angles are defined under the pipe invert. The results of this parametric 
study are presented as vertical displacement (Uz/OD) versus distance along the pipe 
axis from the center of the void (X/OD), as shown in Figures 7.12 and 7.13. Since 
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the maximum displacements occur at the invert of the pipe, only the displacements 
for this case are presented.  
 
Figure 7.12 : Vertical displacements along the invert of the pipe for void 
under the spigot. 
 
Figure 7.13 : Vertical displacements along the invert of the pipe for void 
under the bell. 
As was seen earlier in calculations for voids straddling the joint, Figures 7.12 and 
7.13 show how increases in void length and angle under the spigot and bell increase 
the vertical displacements. It is also obvious that as the void length under the spigot 
 92
increases from the joint at X/OD=0 towards the left (Figure 7.10), the displacement 
graphs shift to the left (to the direction of the increase in the void length). Similarly, 
as can be seen in Figure 7.11, as the void length under the bell increases from the 
joint at X/OD=0 towards the right, the displacement graphs shift to the right (to the 
direction of the increase in the void length). It is also obvious that, for a void length 
of 30cm, the maximum vertical displacement occurs for a void angle of 60, and the 
minimum displacement occurs at void angle of 180.  
7.4.4 Comparison of the vertical displacements of the bell-and-spigot jointed 
pipe with the continuous pipe 
Figure 7.14 shows a comparison of the vertical displacements along a continuous 
pipe, and the pipe with bell-and spigot joint. In the figure, the effect of three different 
void locations (i.e. void under the spigot, under the joint, and under the bell) are 
seen. The voids in this figure correspond to a void length of 60cm, and a void angle 
of 180. The displacements are those calculated along the pipe invert. 
 
Figure 7.14 : Comparison of the vertical displacements caused by 
different void locations. 
Not surprisingly, the continuous pipe is seen to have deflections of significantly 
lower magnitude, about half the displacements seen for voids under jointed pipe. The 
maximum vertical displacement occurs when the void is centered directly under the 
joint. Since the continuous pipe can be considered as a pipe with a rigid joint, it 
deforms less than the jointed pipe under the same burial conditions. Rotations across 
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the joint enhances displacements on both sides of the joint. However, the 
development of higher deformations does not necessarily mean that stresses in the 
PVC pipe are more severe, and these are examined in the next section.  
7.4.5 Comparison of the factors of safety for the bell-and-spigot jointed pipe 
with the continuous pipe 
Figure 7.15 shows a comparison of factors of safety (FS) calculated for the 
continuous and the jointed PVC pipes. The FS is calculated by using Eq. (7.2) given 
below, 
Tensile Strength of PVCFS
S Max
           (7.2) 
where, SMax is the maximum principal tensile stress obtained using the finite 
element analyses. In the analyses, a tensile strength of 48.3MPa is used for the PVC 
pipe based on the data reported in ASTM D1784-06a for a Class 12454 rigid PVC 
compound [33]. 
In the figure, the minimum value of FS is shown as a function of void angles under 
the pipe invert (60, 120, and 180 around the circumference), for all three void 
locations (i.e. void under the spigot, under the joint, and under the bell). All 
calculations shown are for void length of 60cm. 
 
Figure 7.15 : Comparison of the factors of safety against tensile failure in the pipe. 
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This figure indicates that when the void first develops under the pipe (void angle of 
60o), the factor of safety drops significantly, but that subsequent increases in void 
angle decrease the magnitude of the peak stress. As discussed earlier, loss of support 
over a wider angle under the invert and haunches reduces the loads carried by the 
pipe where it bridges across the void (more load transfers around the pipe through 
the soil). As a result, the factor of safety is higher for wider void angles.  
The minimum factor of safety is calculated to decrease from 8.9 to 5.7 in the 
continuous pipe, and from 7.8 to 5.6 when the jointed pipe is centered over the void.  
Stability is calculated to be higher if voids form under the spigot or the bell. This 
may be because the spigot is more flexible when the void occurs under it, and this 
decreases the stresses attracted to pipe.  
7.4.6 Pattern of bending stresses in the pipe over the void 
Figure 7.16 shows the variation of stress distribution on the PVC water pipe for void 
length of 60cm, and void angle of 180 around the circumference of the pipe. In the 
figure, the comparison of the results of three different void locations (i.e. void under 
the spigot, under the joint, and under the bell) are presented. This figure indicates 
that, under these burial conditions, the presence of a void under the bell increases the 
stresses acting on the pipe, compared to the cases with a void under the joint and the 
spigot.  
In each case, it appears that the peak tensions occur in the pipe barrel somewhat 
away from the joint itself, and this lends support to the decision to simplify the 
modeling of spigot-gasket-bell interaction (adopting a model that provides the 
correct moment versus rotation characteristics, but which is unable to provide the 
local stresses or strains in and near the gasket).  
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Figure 7.16 : Comparison of bending along the pipe over the void for 
VL=60cm, and VA=180 (a) void under the spigot, (b) void 
under the joint, (c) void under the bell (deflections are 
magnified by 100).  
7.5 Discussion and Conclusions 
In this chapter, the three dimensional response of a buried bell-and-spigot jointed 
PVC water pipe with unsupported invert and haunches has been studied to develop 
an understanding of the effect of non-uniform bedding support on PVC pipe 
response. Bedding non-uniformity was modeled using voids of different sizes, and at 
different locations under the pipe invert. The changes in the stresses and 
deformations were determined based on the geometry of the localized voids. All 
numerical analyses were performed using ABAQUS. 
The results of the analyses showed how increases in void length under the pipe lead 
to increases in the vertical displacements. As expected, the lowest values of vertical 
displacement occur along the crown, and the highest values develop along the invert. 
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As void angle (the width of the invert without soil support) increases, vertical 
displacements along the crown and the springline also increase. However, the 
behavior is different at the invert. For a void length of 30cm, the maximum values of 
vertical displacement occur for a void angle of 60, and the lowest displacements 
occur for 180. This behavior can be explained as positive arching. A pipe with little 
or no support under its invert deforms under the action of the overlying weight of 
soil, so load is redistributed to the soil (more of the load then passes around the pipe 
and not through it). However, for a void length of 60cm, the vertical displacements 
are smaller in magnitude for void angle of 60 than for void angle of 120. In each 
case, vertical displacements were higher when the void was centered under the joint, 
than when it was located under the bell or spigot. 
The results of these analyses have also been compared to those for a continuous PVC 
water distribution pipe under the same burial conditions. Not surprisingly, the 
continuous pipe exhibited lower magitudes of vertical displacement where it spanned 
across a void.  
The effect of different void geometries and locations on the factors of safety of the 
continuous and jointed pipes were also evaluated. The results of these analyses 
indicate that when a void occurs under the pipe, the factor of safety drops 
significantly when void angle is small (the invert is unsupported but the haunches are 
still supported). However, as the void angle under the invert increases and support is 
removed from the haunches, more of the earth load is distributed through the soil 
around the pipe and less stress develops in the pipe. As a result, the factor of safety is 
calculated to increase.  The highest stresses (and deformations) occur when the void 
develops directly under the joint (a case corresponding to over-excavation during 
initial construction, or perhaps corresponding to void erosion due to joint leakage). 
Peak stresses in continuous pipe where it bridges across similar voids were also 
calculated to be similar.   
This study has examined the behavior of one particular PVC pipe system where it 
spans across a void of idealized geometry, and is considered a starting point for 
engineering investigations of these issues. The study has demonstrated the significant 
effects of longitudinal bending where the pipe traverses a section with this kind of 
nonuniform bedding (where there is complete loss of support at the invert over a 
specific length along the pipeline and around the circumference). One possible 
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outcome of this work is nonuniform bedding conditions that pipe designers need to 
consider when developing new pipe products or pipe joints, and to develop an 
understanding of the potential effects of joint leakage and soil erosion. However, 
there is a need for physical evidence examining these phenomena, and other pipe 
geometries need to be considered before specific, credible design proposals can be 
made for new pipes, or recommendations made regarding the acceptable size of 
voids that develop as a result of leakage when a pipe is in service.  
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8. STUDY OF NON-UNIFORM BEDDING SUPPORT UNDER JOINTED 
CAST IRON WATER DISTRIBUTION PIPES 
8. 1 Introduction 
Pipes can be buried with non-uniform support along the bedding, or non-uniform 
support can result during service as erosion voids develop after leakage. The cause of 
most of the deterioration of CI pipes is generally considered to be corrosion [3-5, 57, 
62, 73-74]. While the corrosion encountered on the external surface of the pipe is 
induced by the aggressive soil conditions, the corrosion on the internal surface is 
associated with the water being transported. The hypothesis being explored in the 
current chapter is that corrosion leads to leakage, and that leakage leads to erosion 
voids in the vicinity of the pipe. A parametric study using three-dimensional finite 
element analyses (FEA) of a bell-and-spigot jointed cast iron water pipe buried under 
overburden soil is examined to develop a better understanding of the effect of erosion 
voids on longitudinal bending of buried cast iron pipes and stability against ring 
fractures. The stresses and deformations of the buried pipe with unsupported invert 
and haunches are studied using ABAQUS. The changes in the stresses and 
deformations under earth load and internal water pressure are determined, for a void 
located under the pipe invert. The effect of the gasket parameters used in the 
compression joint is also studied for these conditions. The results of the analyses are 
evaluated in terms of factors of safety and displacements. 
8.2 Statement of the Problem 
In this chapter, a cast iron (CI) water pipe with a compression joint is studied under 
uniform and non-uniform bedding conditions. The external diameter (OD) and the 
wall thickness (t) of the pipe are OD=160mm, and t=5mm, respectively (dimensions 
typical of cast iron water mains servicing residential and commercial areas). The 
configuration of the pipe and the compression joint used in this study are given in 
Figure 8.1.  
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Figure 8.1 : (a) The configuration of the pipe and the compression joint, 
(b) the bell-spigot contact, (c) elements removed. 
The problem being analyzed is illustrated in Figure 8.2. The pipe is placed on the top 
of a soil layer of depth 1.0m, with a bedding depth of 0.225m, and then covered with 
overburden soil to a depth of 2.5m. The analysis represent a construction void though 
the effect of a void that develop during service is expected to be similar. In order to 
investigate the effect of non-uniform bedding support around the pipe, voids of 
different sizes, (i.e., void depth (VD) of 0.05m, void lengths (VL) of 0.30m and 
0.60m, and void angles (VA) of 60, 120 and 180 under the pipe invert) and at 
different locations (i.e., under the spigot, under the joint, and under the bell) are 
defined as shown in Figure 8.3. Finite element analyses were performed in eight 
steps: 
 Step 1: The in-situ geostatic stresses were modeled in the first step. The 
coefficient for lateral earth pressure was taken to be K0=1−Sin (for angle of 
internal friction of the soil ). After equilibrium of in-situ stresses was reached, 
the analysis proceeds to the next step. 
 Step 2: First layer of overburden soil is activated, corresponding to a fill 
height of 0.24m, and the pipe is “placed” (pipe elements are activated).  
 Step 3: Second layer of overburden soil is activated, corresponding to a fill 
height of 0.24m.  
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 Step 4: Third layer of overburden soil is activated, corresponding to a fill 
height of 0.25m.  
 Step 5: Fourth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 6: Fifth layer of overburden soil is activated, corresponding to a fill 
height of 0.30m.  
 Step 7: Application of a uniform pressure on top of the soil surface, 
representing the weight of a further layer of 1.5m of overburden soil. 
 Step 8: Application of internal water pressure of 400kPa. 
 
Figure 8.2 : Construction sequence of the model.  
 
Figure 8.3 : Typical views of the non-uniform bedding support 
considered around and along the CI pipe. 
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8.3 Numerical Modeling 
8.3.1 Mesh design 
Finite element analyses have been utilized for a detailed examination of the effect of 
the non-uniform bedding conditions shown in Figure 8.3. Finite element program 
ABAQUS version 6.7 was used to perform the analyses [78]. Fully bonded 
interaction between the pipe and the soil was considered. Based on this 
consideration, it is assumed that slip cannot occur unless the shear force at any node 
exceeds the maximum permissible value given by the normal force, and . Because 
an elasto-plastic model is being used for the soil, the condition for bonded interaction 
is given by Eq. (8.1), 
tanf nc                 (8.1) 
where n is the normal stress across the interface,  the friction angle, c the cohesion, 
and  the shear strength of the soil. 
The soil, cast iron, and gasket materials were modeled as isotropic solids, employing 
C3D20 type twenty noded (quadratic) brick elements. The symmetry of the geometry 
permitted the modeling of just half of the system as shown in Figure 8.4. A total of 
24788 elements were employed throughout the mesh to model the pipe, the gasket 
and the soil layers. A finer FE mesh was used around the void, where rapidly varying 
stresses and strains were expected.  
 
Figure 8.4 : A typical finite element mesh used to model the pipe-soil 
assembly. 
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8.3.2 Materials 
In the analyses, elasto-plastic behavior was modeled for the soil material using the 
Mohr–Coulomb (MC) failure criterion. Two different soil materials, medium dense 
and dense sand were considered for the simulation of the soil layers. In the analyses, 
typical mean (or expected) values of the soil modulus were chosen for the sand 
layers consistent with McGrath et al., [83, 101]. A typical view of the soil regions 
used in the study is given in Figure 8.5.  
 
Figure 8.5 : A typical view of the soil regions used in the study 
(example featuring medium-dense backfill and overburden 
soil). 
A linear elastic material model was used for the CI pipe and the gasket material. 
Three different elasticity moduli were considered for the simulation of the gasket 
(joint modeling and gasket modulus selection is discussed further in a subsequent 
section). Selection of the linear elastic material modeling is based on the past success 
with this approach in CI pipe analysis [75], and computational efficiencies needed 
for this complex three dimensional problem. While it is recognized that cast iron 
material response is actually nonlinear [2], the purpose of the current study is an 
assessment of the likelihood that erosion or construction voids lead to ring fractures. 
Furthermore, uncertainty in the soil properties is expected to outweigh any lack of 
precision in the constitutive modeling of the cast iron. The material properties used 
for the CI pipe and the soil layers are given in Table 8.1.  
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Table 8.1: Material parameters. 
Model Material Elasticity  
Modulus  
(E) 
(kPa) 
Poisson’s 
Ratio 
(υ) 
(-) 
Unit 
Weight 
() 
(kN/m3)
Cohesion 
(c) 
 
(kPa) 
Friction 
Angle  
() 
() 
Dilation 
Angle 
() 
() 
Medium-
Dense Sand 40x10
3 0.30 20.0 1.0 35 20 MC 
Dense Sand 80x103 0.30 21.0 1.0 40 25 
CI Pipe 7x1010 0.24 72.0 - - - 
Gasket 2x102 0.45 12.5 - - - 
Gasket 1x103 0.45 12.5 - - - 
 Gasket 5x103 0.45 12.5 - - - 
 
8.3.3 Boundary conditions 
Three classes of displacement (kinematic) boundary conditions were considered 
when modeling the pipe-soil assembly. A typical view of the boundary conditions 
used in the analyses is shown in Figure 8.6. 
 Longitudinal axis of the soil is restrained against movement in the x direction 
(i.e. the planes where x = 0 and x = 4.0m) by applying Ux = 0 boundary 
conditions. 
 The plane of symmetry (i.e. the plane where y = 0) featured movements 
prevented normal to that plane by applying a Uy = 0 boundary condition. 
 The bottom of the soil layer is restrained against movement in the x, y and z 
directions (Ux =Uy=Uz=0 boundary conditions). 
 
 
LE 
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Figure 8.6 : Boundary conditions used in the finite element analyses. 
The static boundary conditions (internal pressure in the pipe and overburden 
pressure) were discussed in an earlier section. The boundary conditions given in 
Figure 8.6 refer to both fixities and loads used in the analyses.  
8.4 Results 
8.4.1 Effect of gasket parameters 
Most in-service cast iron water distribution pipes are the ones that have been 
installed during a period of approximately one hundred years before the early 1970s. 
Several studies have been published on the failure mechanism of cast iron water 
pipes. However, little research has been reported on the gaskets of these old pipes, 
and there is little data on their material properties. In order to determine the effect of 
gasket stiffness on the behavior of the pipe-joint assembly, finite element analyses 
were conducted using the idealized gasket geometry seen in Figure 8.1, with three 
different elastic moduli for the gasket material: chosen to provide different joint 
stiffness characteristics: E=0.2MPa, 1.0MPa and 5.0MPa. In Table 8.2, the results of 
these analyses are given in terms of maximum principal stresses. The voids in these 
analyses correspond to a void length of 60cm, and a void angle of 180 under the 
pipe invert. For each gasket parameter, analyses are repeated for a void under the 
spigot, under the joint, and under the bell.   
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Table 8.2: Material parameters. 
 SMax (MPa) 
E (MPa) SPIGOT JOINT BELL 
0.2 12.39 12.44 12.40 
1.0 12.39 12.44 12.40 
5.0 12.39 12.44 12.40 
 
As can be seen from the table, the stiffness of the idealized gasket material does not 
have any effect on the results of these calculations. Based on this finding, an average 
modulus of elasticity of 1.0MPa is used for the gasket material for the remaining 
analyses.  
8.4.2 Effect of void size under the joint 
In order to investigate the effect of a void under the joint, voids of different lengths 
and angles are defined under the pipe invert. The results are presented as vertical 
displacement (Uz/OD) versus position along the pipe axis relative to the center of the 
void (X/OD), as shown in Figures 8.7-8.9.  
 
Figure 8.7 : Vertical displacements along the crown of the pipe for void 
straddling the joint. 
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Figure 8.8 : Vertical displacements along the springline of the pipe for 
void straddling the joint. 
 
 
Figure 8.9 : Vertical displacements along the invert of the pipe for void 
straddling the joint. 
Figures 8.7-8.9 show the vertical displacements along the crown, springline, and the 
invert of the pipe, respectively. From these figures it can be seen that, as the void 
length under the joint increases, the vertical displacements also increase. As 
expected, the minimum vertical displacements occur along the crown, and the 
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maximum vertical displacements occur along the invert of the pipe. Similarly, 
increases in the void angle lead to increases in the vertical displacements.  
8.4.3 Effect of void size under the spigot and bell 
To investigate the effect of a void under the spigot and bell, voids of different lengths 
and angles are defined under the pipe invert. The results of these parametric studies 
are presented as vertical displacement (Uz/OD) versus distance along the pipe axis 
relative to the center of the void (X/OD), as shown in Figures 8.10 and 8.11. Since 
the largest displacements occur along the invert of the pipe, only the displacements 
for this case are presented.  
 
Figure 8.10 : Vertical displacements along the invert of the pipe for void 
under the spigot. 
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Figure 8.11 : Vertical displacements along the invert of the pipe for 
void under the bell. 
As was seen earlier in calculations for voids straddling the joint, Figures 8.10 and 
8.11 show how increases in void length and angle under the spigot and bell increase 
the vertical displacements. It is also obvious that as the void length under the spigot 
increases from the joint at X/OD=0 towards the left (Figure 8.10), the displacement 
graphs shift to the left (to the direction of the increase in the void length). Similarly, 
Figure 8.11, as the void length under the bell increases from the joint at X/OD=0 
towards the right, the displacement graphs shift to the right (to the direction of the 
increase in the void length).  
8.4.4 Comparison of the vertical displacements of the bell-and-spigot jointed 
pipe with calculations for the continuous pipe 
Figure 8.12 shows the comparison of the vertical displacements along a continuous 
(unjointed) pipe and the jointed pipe considered in previous sections. In this figure, 
the effect of three different void locations (i.e. void under the spigot, under the joint, 
and under the bell) are seen. The voids in this figure have length of 60cm, and void 
angle of 180, and displacements along the pipe inverts are shown. 
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Figure 8.12 : Comparison of the vertical displacements caused by 
different void locations. 
This figure reveals the importance of a safe and leak proof joint. As can be seen from 
the figure, the minimum vertical displacements occur in the continuous pipe, and the 
largest vertical displacement calculated is for void directly under (straddling) the 
joint. Since the continuous pipe can be considered as a pipe with a rigid joint, it 
deforms less than the jointed pipe under the same burial conditions. On the other 
hand,  the jointed pipe is somewhat free to rotate at the joint, and this enhances the 
vertical displacements. Therefore, the occurrence of a void under a jointed pipe 
enhances localized differential settlement in this region. This could also lead to 
greater stresses in the pipe that may consequently cause pipe failure (this is examined 
in more detail in the next section).  
8.4.5 Comparison of the factors of safety calculated for the jointed pipe and the 
continuous pipe 
Figure 8.13 shows the comparison of the factors of safety (FS) of the continuous and 
the jointed CI pipes. The FS is calculated by using Eq. (8.2) given below, 
Tensile Strength of Cast IronFS
S Max
           (8.2) 
where, SMax is the maximum principal tensile stress obtained using the finite 
element analyses. Rajani et al. [105] indicate that the tensile strength of deteriorated 
pit-cast iron pipes may be as low as 33MPa. Calculated stresses from the current 
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study will be presented as factors of safety against rupture, based on tensile strength 
of 33MPa 
In this figure, the variation of FS values calculated for three different void locations 
(i.e. void under the spigot, under the joint, and under the bell) are presented. The 
voids in this figure correspond to a void length of 60cm, and void angles of 60, 
120, and 180 around the circumference of the pipe. 
 
Figure 8.13 : Comparison of the factors of safety of the pipe. 
If the structure is stiffer than the soil, then negative arching occurs (loads are 
attracted to the structure, [37]). Thus the vertical earth pressure on a rigid pipe is 
greater than the weight of the soil above the structure. This figure reveals that, as the 
void size around the circumference of the pipe increases, the CI pipe attracts more 
stresses due to the negative arching, and this amplifies the forces carried by the pipe, 
and decreases Factors of Safety FS. On the other hand, Figure 8.12 demonstrated that 
the minimum vertical displacement occurs for the continuous pipe, and the maximum 
vertical displacement occurs for the jointed pipe with void directly under the joint. 
The increased displacement leads to an increase in the stresses acting on the jointed 
pipe which consequently results in a lower factor of safety.  
8.4.6 Modeling of bell-spigot contact 
In this study, a CI pipe with a compression joint is investigated. In this type of joint, 
illustrated in Figure 8.1a-b, the ends of the pipe barrel in the spigot and the bell are in 
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direct contact. The rubber gasket is modeled around the spigot to represent the leak-
proof seal. To investigate the effect of that direct contact of the bell and the spigot on 
the deformations and stresses, two different spigot configurations are studied, one 
involving their direct contact with the bell (Figure 8.1b), and the other slightly 
shorter to allow the spigot to rotate across the joint (Figure 8.1c). The results of the 
two finite element analyses show that the shorter spigot length (Figure 8.1c) does not 
have a large effect on the maximum principal stresses (a 1.0% change from S Max= 
12.38MPa for the spigot in contact with the bell to S Max=12.51MPa for the short 
spigot). This indicates that the transmission of moment between the pipe ends has 
little effect on stress, and implies that the gasket’s function is to prevent leakage (not 
to release moment).  
Figure 8.14 shows the comparison of the vertical displacements caused by different 
spigot configurations. The voids in this figure correspond to a void length of 60cm, 
and a void angle of 180. This figure indicates that the shorter spigot enables the 
rotation across the pipe joint, and leads to a higher displacement for conditions that 
are otherwise the same. Bell-spigot contact (Figure 8.1b) is used throughout the 
remainder of the study. However, experimental work is needed to characterize the 
flexural behavior of old cast iron joints, though the differences calculated in the local 
stresses may be modest.  
 
Figure 8.14 : Comparison of the vertical displacements caused by 
different spigot configurations. 
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8.4.7 Pattern of bending stress in the pipe over the void 
Figure 8.15 shows the distribution of stress in the cast iron water pipe for void length 
of 60cm, and void angles of 60, 120, and 180 around the circumference of the 
pipe. In this figure, the results for three different void locations (i.e. void under the 
spigot, under the joint, and under the bell) are presented. This figure indicates that, 
under the same burial conditions, the presence of a void under the joint slightly 
increases the stresses acting on the pipe, compared to the cases with a void under the 
spigot and the bell. 
 
Figure 8.15 : Comparison of maximum principal stresses along the pipe 
over the void for VL=60cm, and VA=180 (a) void under 
the spigot, (b) void under the joint, (c) void under the bell 
(deflections are magnified by 250). 
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8.5 Discussion and Conclusions 
In this chapter, the three dimensional response of a buried jointed cast iron water 
pipe with unsupported invert and haunches is studied, to develop a better 
understanding of the potential effect of non-uniform bedding support on these pipe 
structures. To investigate the effect of non-uniform bedding support under the pipe, 
voids of different sizes, and at different locations were defined under the pipe invert. 
The changes in the stresses and deformations were determined based on the 
geometry of the localized voids. The effect of the gasket parameters used in the 
compression joint was also studied for these conditions. The numerical analyses were 
performed using ABAQUS version 6.7. 
First, to evaluate the effect of gasket stiffness on the behavior of the pipe-joint 
assembly, finite element analyses were conducted based on three different elastic 
moduli for the gasket: E=0.2 MPa, 1.0 MPa and 5.0 MPa. The results of the analyses 
showed that the stiffness of the compression gasket does not affect the behavior of 
these pipes with this joint model. Based on this finding, a modulus of elasticity of 
1.0MPa was used for the gasket for the rest of the analyses.  
To investigate the effect of a void under the pipe, voids of different sizes, (i.e., void 
depth (VD) of 0.05m, void lengths (VL) of 0.30m and 0.60m, and void angles (VA) 
of 60, 120 and 180) were examined under the spigot, joint, and the bell of the 
pipe, respectively. The results show that, as the void length under the pipe increases, 
the vertical displacements also increase. As expected, the lowest vertical 
displacements occur along the crown, and the largest vertical displacements occur 
along the pipe invert. Similarly, an increase in the void angle leads to an increase in 
the vertical displacements. Although the same trend was observed for all different 
void geometries, the vertical displacements for void straddling the joint were higher 
than the other two cases, as expected.  
The results were also compared with vertical displacements calculated for a 
continuous CI water distribution pipe under the same burial conditions. The 
comparison indicates that the continuous pipe experiences lower vertical 
displacements.  
The effect of different void geometries and locations on the factors of safety of the 
continuous and jointed pipes was also evaluated. The analyses indicate that as the 
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void size around the circumference of the pipe increases, the CI pipe experiences 
somewhat higher stresses due to the negative arching which amplifies the forces 
experienced by the pipe, and thus leads to a decrease in the FS values 
To evaluate the effect of voids on the bending along the pipe, the maximum principal 
stresses of three different void locations (i.e. void under the spigot, under the joint, 
and under the bell) were compared. The results revealed that under the same burial 
conditions, the presence of a void under the joint increases the stresses acting on the 
pipe somewhat by 0.4%, and 0.3%, compared to the cases with a void positioned 
under the spigot and the bell, respectively. This results because the pipe is straddling 
the void at the joint, and this means the pipe resists load in cantilever action 
To investigate the effect of that direct contact of the bell and the spigot on the 
deformations and stresses, two different spigot configurations are studied, one 
involving their direct contact with the bell, and the other slightly shorter to allow the 
spigot to rotate across the joint. The results of the two finite element analyses show 
that the shorter spigot length does not have a large effect on the maximum principal 
stresses (a 1.0% change from S Max= 12.38MPa for the spigot in contact with the 
bell to S Max=12.51MPa for the short spigot). This indicates that the transmission of 
moment between the pipe ends has little effect on stress, and implies that the gasket’s 
function is to prevent leakage (not to release moment).  
The comparison of the vertical displacements caused by different spigot 
configurations is also studied for a void length of 60cm, and a void angle of 180. 
The results show that the shorter spigot enables the rotation across the pipe joint, and 
leads to a higher displacement for conditions that are otherwise the same. Bell-spigot 
contact is used throughout the remainder of the study. However, experimental work 
is needed to characterize the flexural behavior of old cast iron joints though the 
differences calculated in the local stresses may be modest.  
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9. CONCLUSIONS AND RECOMMENDATIONS 
Modelling of joints in pipelines is a critical issue influencing both the short and long 
term performance of these systems. Joint performance can control the service life and 
the quality of pipe performance. The material properties of the gasket, loading 
conditions over the pipe, and a sufficiently uniform bedding all play important roles 
in achieving a leak proof joint, and may also influence pipe behavior under 
longitudinal bending. Defects at pipe joints can contribute significantly to reduction 
of the overall performance of the pipe system. The most common problems attributed 
to joint defects are infiltration, exfiltration, and erosion of the soil surrounding the 
pipe that can ultimately produce pipe failure. Joints are known to be the source of a 
number of pipe failures or installation problems due to the fact that in many cases 
they are the weakest point along a pipeline. Many design variables affect joint 
performance and it is difficult to predict the behavior of joints in service. The 
interaction between the pipe and the gasket is a complex phenomenon and represents 
a challenging modeling problem. Although joints can have a major influence on pipe 
performance, little research has been conducted in regard to their design. 
In the first part of this study, the three dimensional response of a rubber-gasketed 
bell-and-spigot jointed PVC (polyvinyl chloride) pressure pipe is examined to 
develop an understanding of the effect of gasket modulus, friction coefficient, 
insertion length and joint rotation on the pipe-joint behavior. Numerical analyses are 
performed using ABAQUS. The finite element analysis procedure is conducted in 
two steps. The first step simulated the insertion of the spigot into the pipe bell to 
establish the behavior of the gasket during the insertion phase, and quantify the 
desired force needed for this operation. The second step simulated longitudinal 
bending across the pipe joint by applying a lateral displacement to the far end of the 
pipe segment containing the spigot, to force the axis of the pipe segment with the 
spigot to rotate with respect to the axis of the pipe segment containing the bell.  
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The results of the insertion phase revealed that, after a certain insertion length, when 
the tapered end of the spigot is passed and the outer surface of the cylinder comes in 
contact with the gasket, the force needed for the insertion of the spigot into the bell 
becomes constant for any insertion length until the insertion reference mark on the 
spigot is reached. For the longitudinal bending phase, as the insertion length 
increases, the moment per degree of rotation increases slightly, where the linear 
relationship between moment and rotation angle implies that moment per degree 
rotation is a useful means of quantifying the resistance to this motion. It is 
demonstrated that friction coefficient plays a key role in joint stiffness, influencing 
linear increases in both the maximum force needed to insert the spigot into the bell, 
and the moment needed per degree of joint rotation. The analyses also demonstrate 
that increases in gasket modulus lead to proportional increases in insertion force and 
bending moment. 
In addition to studying joints using finite element analysis, the jointed pipe 
specimens were also tested in the laboratory in order to investigate the behavior of 
the pipe-joint assembly during insertion and bending. Two types of insertion tests 
were performed representing the joint behavior in conditions with and without gasket 
lubrication. Four tests were performed, two on lubricated and two on non-lubricated 
specimens. Testing was carried out on a Zwick Z020 universal testing machine under 
compression mode using two flat, parallel plates, and the specimens were tested until 
the insertion reference mark on the spigot was reached. The results of the insertion 
tests showed that lubrication decreases the amount of force needed for the insertion 
of the spigot into the bell end of the pipe. The peak forces needed for the insertion of 
the lubricated and non-lubricated specimens correspond to an insertion distance 
where the outer surface of the cylindrical part of the spigot comes in contact with the 
gasket, and the gasket is fully compressed between the spigot and the bell. A similar 
trend was observed in the finite element analyses. The results of the laboratory tests 
confirm the general pattern of force versus displacement behavior calculated in the 
finite element analyses, though further work is needed to establish the exact 
constitutive characteristics of the gasket so that better direct comparisons can be 
made.  
In order to check the accuracy of the experimental work, two pipe samples (one 
lubricated, and one non-lubricated sample) were also tested on an Instron 8802 
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testing machine under compression mode. The comparison of the results of the 
Zwick and Instron tests showed that almost the same results were obtained by the 
Zwick and Instron tests for the non-lubricated samples. However, although the 
general shapes of the curves were the same for the lubricated samples, the magnitude 
of the forces needed for 6.0 cm insertion were seen to be very different. The 
difference in the magnitudes of the forces might be caused by uneven spreading of 
the lubricant or the pipe’s out of roundness, which are known to be very important 
parameters that may affect the insertion process for these pipes. 
The comparison of the results of the insertion tests for lubricated samples with the 
FEA results show that the best fit between the FEA and the experimental results was 
achieved for the lubricated sample tested in the Instron machine. The higher 
differences in the results of the other tests and the FEA are thought to be caused by 
some factors such as the pipe out of roundness, the change in the gasket stiffness 
along the spigot taper, and the experimental variability along spigot cylinder.  
Three pipe specimens were also tested for bending conditions in order to investigate 
the behavior of the pipe-joint assembly during bending. Testing was carried out on 
an Instron 8802 testing machine under four point bending.  The results of the bending 
tests showed that the joint behavior is highly variable. Therefore, it is difficult to 
determine if lubrication influences bending in jointed pipes. However, these 
experiments were undertaken 6 weeks after insertion and it is not clear how much of 
the lubricant remained. This behavior results because time after insertion in the field 
could also influence the effectiveness of the lubrication, so that short term bending 
response under construction loads, for example, could be different to those after 
extensive time periods.  
The structural performance of a pipe system depends significantly on the structural 
characteristics of both the pipe and the soil. A stable foundation with uniform 
bedding made of select, compact material that conforms to the external curvature of 
the pipe is important for both rigid and flexible pipes in providing uniform support 
along and around the pipe.  
The non-uniform bedding support may cause the pipe to experience longitudinal and 
circumferential cracks and joint opening. Joint openings can also lead to leakage 
which may generate erosion voids around or under the pipe, and consequently may 
cause pipe failure. Thus, the uniformity of support around and along a pipe 
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influences pipe performance and service life. However, it is known that the bedding 
of pipelines is rarely uniform, and perfect installation practice is of course 
impossible. 
Current design standards for buried pipe installations assume that loading and 
bedding conditions along pipes are uniform, and thus do not take into account the 
effect of soil variability. However, although careful attention may be paid during 
pipe installation, there is still a possibility that a pipeline may experience non-
uniform loading or bedding conditions during its lifetime, which may lead to pipe 
failure. Thus, these conditions should be addressed in pipe standards to understand 
the implications of construction practice and problems that may be detected after 
construction. Several studies have been performed by a number of different authors 
to determine the failure mechanism of buried pipes, most of which have been 
focused on the effects of corrosion. Other studies evaluate pipe failures caused by 
earthquakes, and temperature effects. However, the possibility that pipe leakage can 
induce erosion voids which enhance longitudinal bending has not been studied.  
In this thesis, parametric studies using three-dimensional finite element analyses are 
also reported, where continuous and jointed PVC and CI (cast iron) water pipes 
buried under overburden soil are examined. The primary purpose of this study was to 
develop a better understanding of longitudinal bending as a result of voids under the 
invert of buried pipes, a condition used to characterize the effect of poor construction 
practice or loss of support during service (say as a result of erosion caused by water 
leakage).  
All numerical analyses were performed using ABAQUS. The results of the finite 
element analyses for the continuous PVC pipe illustrate that pipes with discontinuous 
bedding experience stresses higher than those with uniform ground support (37% to 
69% higher for medium dense sand, and 45% to 95% higher for dense sand bedding), 
and that it is better to achieve uniform soil support under the pipe invert than to 
achieve non-uniform support in high stiffness (highly compacted) bedding (results 
that support conventional wisdom where a layer of uncompacted bedding is used 
under the invert in preference to well compacted bedding that is not level). The 
analysis also indicates that it is more important to achieve that uniform support under 
the invert than dense soil backfill under the haunches. 
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The results of the finite element analyses for the continuous CI pipe show that the 
radial (R), and the axial stresses (A) are low compared to the hoop stresses (), 
and the peak tension is always in the hoop direction. As a result of the high hoop 
stresses induced by the non-uniform bedding support, longitudinal fractures are 
likely to occur in the pipe. This might be a triggering or contributing factor in the 
failure of the pipe. However, it does not clearly explain many of the pipe fractures 
observed in the field since the orientation of the peak tensile stresses caused by an 
erosion void under the pipe invert is found to be in the hoop direction, while in the 
field the failure is mostly observed to be as a result of ring fractures caused by the 
axial stresses. On the other hand, the reason for failure of buried pipes could be that 
the leakage also magnifies ground movements as a result of frozen ground or reactive 
soils, in which the magnitude of the movement for both mechanisms is a 
consequence of moisture changes in the soil. Therefore, more studies of differential 
ground movement work is needed to clarify the failure mechanism of buried 
pipelines.  
The stresses and deformations are also studied in buried PVC and CI water pipes 
with bell-and-spigot joints, and with localized voids leaving the invert and haunches 
unsupported. Bedding non-uniformity was modeled using voids of different sizes, 
and at different locations (under the spigot, under the joint, and under the bell) 
beneath the pipe invert. The changes in the stresses and deformations were 
determined based on the geometry of the localized voids.  
The results for jointed pipes show that, as the void length under the pipe increases, 
the vertical displacements also increase. As expected, the lowest vertical 
displacements occur along the crown, and the largest vertical displacements occur 
along the pipe invert. Similarly, an increase in the void angle leads to an increase in 
the vertical displacements. Although the same trend was observed for all different 
void geometries, the vertical displacements for void straddling the joint were higher 
than the other two cases, as expected.  
The results of these analyses have also been compared to those for a continuous PVC 
water distribution pipe under the same burial conditions. Not surprisingly, the 
continuous pipe exhibited lower magitudes of vertical displacement where it spanned 
across a void. The effect of different void geometries and locations on the factors of 
safety of the continuous and jointed pipes was also evaluated. The results of these 
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analyses indicate that when a void occurs under the pipe, the factor of safety drops 
significantly when void angle is small (the invert is unsupported but the haunches are 
still supported). However, as the void angle under the invert increases and support is 
removed from the haunches, more of the earth load is distributed through the soil 
around the pipe and less stress develops in the pipe. As a result, the factor of safety is 
calculated to increase.  The highest stresses (and deformations) occur when the void 
develops directly under the joint (a case corresponding to over-excavation during 
initial construction, or perhaps corresponding to void erosion due to joint leakage). 
Peak stresses in continuous pipe where it bridges across similar voids were also 
calculated to be similar.   
The results of jointed CI pipe revealed that under the same burial conditions, the 
presence of a void under the joint increases the stresses acting on the pipe somewhat 
by 0.4%, and 0.3%, compared to the cases with a void positioned under the spigot 
and the bell, respectively. This results because the pipe is straddling the void at the 
joint, and this means the pipe resists load in cantilever action 
To investigate the effect of that direct contact of the bell and the spigot on the 
deformations and stresses, two different spigot configurations are studied, one 
involving their direct contact with the bell, and the other slightly shorter to allow the 
spigot to rotate across the joint. The results of the two finite element analyses show 
that the shorter spigot length does not have a large effect on the maximum principal 
stresses (a 1.0% change from S Max= 12.38MPa for the spigot in contact with the 
bell to S Max=12.51MPa for the short spigot). This indicates that the transmission of 
moment between the pipe ends has little effect on stress, and implies that the gasket’s 
function is to prevent leakage (not to release moment). 
The comparison of the vertical displacements caused by different spigot 
configurations is also studied for a void length of 60cm, and a void angle of 180. 
The results show that the shorter spigot enables the rotation across the pipe joint, and 
leads to a higher displacement for conditions that are otherwise the same. Bell-spigot 
contact is used throughout the remainder of the study. However, experimental work 
is needed to characterize the flexural behavior of old cast iron joints, though the 
differences calculated in the local stresses may be modest.  
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APPENDIX A.1  
Figure A.1 shows the transformation of stresses with respect to X, Y and Z 
coordinates, and Table A.1 shows the direction of the peak tension (S Max) acting on 
the pipe. The results given in this table are for the thin pipe with 30cm, 60cm and 90 
cm void lengths, and 180 void angle under the invert. However, similar behavior is 
observed for all the other void lengths and angles. In the table, negative (-) sign 
corresponds to compression, and positive (+) sign corresponds to tension. The peak 
tension (S Max) and the axial stress (A) values are obtained from the finite element 
analyses, and the radial (R), and the hoop stresses () are calculated using the 
stress transformation formulas given below: 
    (A.1.1) 
    (A.1.2) 
where  is the rotation angle between the two coordinate sets, y and z the normal 
stresses, and yz the shear stress.  
 
Figure A.1 : The transformation of stresses with respect to X, Y and Z coordinates. 
 
Table A.1 : The direction of the peak tension in the pipe. 
VA 
(degrees) 
VL 
(cm) 
S Max 
(MPa) 
R 
(MPa) 

(MPa) 
A 
(MPa) 
 30 12.3 -0.27 12.3 4.28 
180 60 12.7 -0.26 12.7 6.43 
 90 12.9 -0.26 12.9 7.52 
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As can be seen from the table, the radial (R), and the axial stresses (A) are low 
compared to the hoop stresses (), and the peak tension is always in the hoop 
direction. As a result of the high hoop stresses induced by the non-uniform bedding 
support, longitudinal fractures are likely to occur in the pipe which may consequently 
cause pipe failure. 
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APPENDIX A.2  
In order to determine the maximum and the average vertical stresses acting on the 
crown of the jointed PVC pipe, three different paths are selected over the pipe (A-A, 
B-B, and C-C), as can be seen in Figure A.2.1.  
 
 
 
Figure A.2.1 : Determination of the vertical stresses over the pipe crown  
for a void straddling the joint 
The maximum vertical stresses (z_Max) acting on the pipe crown and their locations 
are obtained using ABAQUS, as shown in Figure A.2.2. The average vertical stresses 
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(z_Average) are determined as the average stress values obtained from the paths A-A, 
B-B, and C-C, respectively.  
 
Figure A.2.2 : Determination of maximum vertical stress acting on the pipe crown. 
Table A.2 shows the comparison of the effects of different void angles and locations 
beneath the pipe. The data in the table are used to explain the effect of void angle on 
earth loads acting on the pipe crown. The stress values are obtained from the jointed 
PVC pipe example given in Chapter 7. In the table, negative (-) sign corresponds to 
compression, and positive (+) sign corresponds to tension.  
Table A.2 : Effect of void angle on  earth loads. 
VL/VA z_Max 
(MPa) 
 z_Average 
(MPa) 
 Location of the Void 
  A-A B-B C-C 
 60/60 -1.03 0.079 0.048 0.044 
Void under the Spigot 60/120 -0.88 -0.078 -0.034 -0.030 
 60/180 -0.82 -0.037 -0.022 -0.019 
 60/60 -1.19 -0.077 -0.044 -0.042 
Void under the Joint 60/120 -1.00 -0.077 -0.027 -0.023 
 60/180 -0.91 -0.041 -0.017 -0.013 
 60/60 -0.78  - -0.049 -0.047 
Void under the Bell 60/120 -0.79  - -0.036 -0.033 
 60/180 -0.80  - -0.025 -0.020 
As can be seen from the table, as the void angle increases from 60 to 180, the 
stresses at the crown of the pipe decrease approximately 50% for each case. This 
results because the stiffness of the bedding with a void angle of 60is higher 
compared to the stiffness of the bedding with a void angle of 180. The results also 
show that, for conditions that are otherwise the same, the  highest earth loads acting 
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on the pipe crown are obtained for a void straddling the bell, while the lowest earth 
loads are obtained for a void straddling the joint.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 137
CURRICULUM VITA  
 
Candidate’s full name  : Müge BALKAYA 
Place and date of birth : Çanakkale 
Permanent Address      : Istanbul Technical University, Faculty of Civil 
Engineering, Geotechnical Engineering Division, 34469, 
Maslak-Istanbul, TURKEY 
Universities and 
Colleges attended:       
 Ph.D. in Civil Engineering (Soil Mechanics and Geotechnical 
Engineering), Istanbul Technical University, (2010). 
 Visiting Ph.D. Student in Civil Engineering (Soil Mechanics and 
Geotechnical Engineering), Queen’s University at Kingston, Ontario, 
(2007-2009). 
 M.Sc. in Civil Engineering (Soil Mechanics and Geotechnical 
Engineering), Istanbul Technical University, (2002). 
 B.Sc. in Civil Engineering, Istanbul Technical University, (1999). 
 
Publications: 
Journal Papers 
 
 Balkaya, M., Kaya, M.O., Sağlamer, A., 2010. Free Transverse Vibrations of 
an Elastically Connected Simply Supported Twin Pipe System. Structural 
Engineering and Mechanics, Vol. 34, No. 5, pp. 1-13. 
 Balkaya, M., Moore, I.D., 2009. Analysis of a Gasketed PVC Pipe-Joint. 
Transportation Research Record: Journal of the Transportation Research 
Board, Vol. 2131/2009, pp. 113-122. 
 Balkaya, M., Kaya, M.O., Sağlamer, A., 2009. Analysis of Vibration of an 
Elastic Beam Supported on Elastic Soil Using Differential Transform 
Method. Archive of Applied Mechanics, Vol. 79, No. 2, pp. 135–146. 
 
 
 
 138
Conference Papers 
 
1. Balkaya, M., Kaya, M., Sağlamer, A., 2007. Dynamic analysis of a buried 
pipe. Soil-Structure Interaction in Theory and Application, Istanbul, Turkey, 
November 8-9 (in Turkish). 
2. İncecik, M., Balkaya, M., Tunca, G., 2006. Application of Geosynthetic 
Reinforcement in High Embankments Constructed over Soft-Medium Dense 
Clay, 2nd National Geosynthetics Conference, Boğaziçi University, İstanbul, 
Turkey, November 16-17 (in Turkish). 
3. Abanozoğlu, E.G., Özkan, M.T., Balkaya, M., Güner, A., 2006. A Study on 
the Effect of Superstructure Rigidity on the Settlements and Base Pressure 
Distribution. 7th International Congress on Advances in Civil Engineering, 
İstanbul, Turkey, October 11-13 (in Turkish). 
4. Balkaya, M., 2006. Trenchless Technologies and Their Applications in 
Turkey. 7th International Congress on Advances in Civil Engineering, 
İstanbul, Turkey, October 11-13. 
5. İncecik, M., Balkaya, M., Afatoğlu, H.A., 2006. Stabilization of Road 
Embankments Constructed over Soft Clays by Geosynthetics and Stone 
Columns. 11th National Congress of Soil Mechanics and Foundation 
Engineering, Karadeniz Teknik Üniversitesi, Trabzon, Turkey, September 7-
8 (in Turkish). 
6. Sağlamer, A., Balkaya, M., 2006. The Effect of Bedding Techniques on the 
Behavior of Buried Pipes. 11th National Congress of Soil Mechanics and 
Foundation Engineering, Karadeniz Teknik Üniversitesi, Trabzon, Turkey, 
September 7-8 (in Turkish). 
7. Balkaya, N., Balkaya, M., 2005. Dredging Techniques for Sediments. 4th 
National Urban Infrastructure Symposium, Eskişehir, Turkey, December 15-
16 (in Turkish). 
8. Sağlamer, A., Balkaya, M., 2005. Trenchless Technologies. 4th National 
Urban Infrastructure Symposium, Eskişehir, Turkey, December 15-16 (in 
Turkish). 
9. Balkaya, N., Balkaya, M., 2005. Construction of Wastewater Treatment 
Plants. Congress on the Civil Engineering Problems of Antalya Region, 
Antalya, Turkey, September 22-24 (in Turkish). 
10. Sağlamer, A., Balkaya, M., 2005. Behavior of Buried Pipes under Static and 
Dynamic Loadings. Congress on the Civil Engineering Problems of Antalya 
Region, Antalya, Turkey, September 22-24 (in Turkish). 
11. Balkaya, M., Kaya, Z., Hatipoğlu, M., Erken, A., 2005. A Case Study about 
the Effects of Local Soil Conditions on Structural Behavior in Adapazari.  
Congress on the Civil Engineering Problems of Antalya Region, Antalya, 
Turkey, September 22-24 (in Turkish).  
12. Balkaya, N., Balkaya, M., Arayıcı, S., 2005. Soil Remediation Techniques 
and Applications. 3rd International Conference on Ecological Protection of 
the Planet Earth, İstanbul, Turkey, June 10-11. 
 139
13. Balkaya, N, Balkaya, M., Bayat, C., Borat, M., 2005. Remediation 
Techniques for Contaminated Sediments. 3rd International Conference on 
Ecological Protection of the Planet Earth, İstanbul, Turkey, June 10-11.  
14. İncecik, M., Okan, R., Balkaya, M., 2004. Usage of Geosynthetics for Road 
Embankments on Voids. 1st National Geosynthetics Conference, Istanbul, 
Turkey, October 21-22 (in Turkish).  
15. Balkaya, N., Balkaya, M., 2004. Factors Effecting the Quality of Drinking 
Water. 1st National Environment Conference, Sivas, Turkey, October 13-15,  
(in Turkish). 
16. Erken, A., Gülerce, Ü.,  Balkaya, M., Hatipoğlu, M., Dündar, S., Kaya, Z., 
2004. An Example for the Effects of Local Soil Conditions on Structural 
Behaviour in Adapazari. 6th International Congress on Advances in Civil 
Engineering, Bogazici University, Istanbul, Turkey, October 6-8.  
17. İncecik, M., Balkaya, M., İyisan, R., Afatoğlu, H.A., 2004. Evaluation of the 
Stability of Embankments on Soft Clay. 10th National Conference on Soil 
Mechanics and Foundation Engineering, Istanbul, Turkey, September 16-17 
(in Turkish). 
18. Sağlamer, A., Yılmaz, E., Balkaya, M., 2003. Evaluation of Earthquake 
Hazards on Buried Pipelines. International Conference on New Developments 
in Soil Mechanics and Geotechnical Engineering, Near East University, 
Lefkoşa, North Cyprus May 29-31. 
19. Balkaya, M., Yılmaz, E., Sağlamer, A., 2003. Behavior of Buried Pipes in 
Earthquake Zones. 5th National Conference on Earthquake Engineering, 
Istanbul, Turkey, May 26-30 (in Turkish). 
 
 
